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ABSTRACT

Valone, Marianne C. M.S.M.S.E., Purdue University, May 2016. Effect of Humidity on
the Creep Response of Cellulose Nanocrystal Films. Major Professor: Jeffrey P.
Youngblood.

Cellulose nanocrystals (CNCs) are a derivative of cellulose, the Earth’s most abundant
source of a sustainable polymer. There are many applications for CNCs such as batteries,
antimicrobial films, flexible displays and drug delivery. This research is focused on

CNC:s films and the mechanical properties once humidity was introduced.

The creation of self-aligned CNCs films was utilized to perform dynamic mechanical
analysis (DMA) testing. The Forest Products Lab (FPL) in Madison, Wisconsin provided
the CNCs used. Both 3.5 wt.% and 9.1 wt.% films were made and tested. A DMA
method was created to test the creep response of the CNCs films at humidity levels of
80%, 40% and 0%. This method was performed at both 30°C and 50°C. Before and
after the films were tested in the DMA, optical microscopy images were taken to analyze
the structure of the films. It was found that the films experienced a higher strain rate at
30°C, but regardless of temperature the trend of strain was non-linear, with the highest
strain reached at 80% humidity. There was full creep recovery at 40% humidity and

shrinkage of the films once the humidity level reached 0%.



CHAPTER 1. INTRODUCTION

1.1 Cellulose Nanocrystals

Cellulose is the most abundant renewable natural organic compound on Earth comprising
about 33 percent of all vegetable matter. It can be found in a multitude of sources
including plants, algae, tunicates, and certain species of bacteria. Cellulose nanocrystals
(CNCs) are the primary structural unit extracted from the mentioned sources. The
methods of extraction can either be chemical or mechanical to separate the crystalline
phase from the bulk cellulose [1]. These techniques include acid hydrolysis [2],
TEMPO-mediated oxidation [3], [4] and homogenization and grinding [5], [6]. The
CNCs provided from the Forest Products Laboratory (FPL) for this research were
extracted from bulk cellulose by acid hydrolysis.

CNCs have a rod-like shape with the dimensions varying depending on source i.e., 3-20
nm wide by 100-2000 nm long [7]. Although difficult to measure individual CNCs,
when together they offer many advantages opposed to just being renewable and
sustainable. CNCs have high tensile strength, 7.5 GPa and high elastic modulus, 110-220
GPa in the axial direction and 10-50 GPa in the transverse direction [8]. They also have
low coefficient of thermal expansion [9], easy orientability under shear [9], [10],
refractive index on par with most polymers [11] and uniform prismatic dimensions [12]—
[14]. Since the cost of cellulose nanocrystals is lower than other nanomaterials, such as
carbon nanotubes [15], they are desirable fillers for polymer matrix composites (PMCs).
However, there are still some problems with using CNCs as fillers due to their

hydrophilic nature and large interfacial attraction [1].
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Cellulose nanomaterials are renewable and offer high mechanical properties, hence they
are able to offer an alternative to traditional petroleum-based plastics in different fields of
study. The applications include batteries, antimicrobial films, flexible displays and drug
delivery [12]. These applications depend on the alignment of the CNCs, which will
change the optical, mechanical and thermal properties. Many mechanical properties have
already been discovered, however the effect of humidity on the creep of these CNCs has
not. The following research will describe the creep response when humidity is

introduced to CNC films.



1.1.1 Cellulose Nanocrystals Films

Cellulose Nanocrystals are used to create films for many types of applications that will be
explained in this section. One of the applications involves creating recyclable organic
solar cells on cellulose nanocrystals substrates. One advantage of creating solar cells on
CNC substrates is the sustainability and recyclability. The film and substrate are able to
swell and once the water evaporates away, the CNC is left for recovery. Then the
components of the solar cell are allowed to separate. Although these solar cells are not
fully optimized yet, the research is promising as the power conversion efficiency reaches
to 2.7%. This is encouraging for the technology, which is headed towards sustainability

[16].

CNCs are low in toxicity and ecotoxicological risk, which has led to recent developments
for tissue engineering. In tissue engineering, dense films are relevant in skin tissue
engineering as well as preventing tissue adhesions in surgeries involving soft tissue and
regenerative medicine [17]. Although neat CNC films are not useful by themselves for
tissue engineering, adding CNCs for reinforcement to collagen-based composite films is
an alternative. This increased the mechanical properties and the stability, which led to an

increase in swelling capacity, a desirable characteristic for tissue engineering [18].

Polymer films are also used for food packaging applications. However, drawbacks of
using non-synthetic polymers include the lack of degradability, recyclability and the high
carbon footprint. There are multiple synthetic biodegradable polymers, such as
polyhydroxybutyrate (PHB) that have been developed that could be used for the food
packaging industry [19]. However, PHB is highly brittle, with poor mechanical and gas
barrier properties. These properties are critical for food storage [20]. Combining PHB
with cellulose will improve the gas barrier properties of the polymer and lead to further
food-packaging applications [21]. These are the variety of applications CNCs films
possess. Further mechanical testing, such as creep response, need to be analyzed to

expand the applications and uses of these films.



1.2 Creep

When testing for mechanical properties of polymers, there are two types of testing: static
and transient. With regards to transient testing, there are two distinct measurements that
can be used: stress relaxation and creep. These measurements help to characterize the
material that is being tested. Stress relaxation measures the stress required to hold a
specimen at a fixed elongation with constant temperature. Stress and the stress relaxation
modulus are both functions of time. However, the research that will be explained in the
following chapters looked at the creep response to humidity while experiments were run
in the DMA. Creep test results are good for selecting a polymer or material that must
sustain loads for long time periods. A typical creep test is one in which the stress is held
constant and the strain is time dependent. During the creep test three different responses
may be observed: ideal elastic, ideal viscous and viscoelastic. Viscoelastic materials
have both viscous and elastic characteristics. These types of materials are able to have
full recovery due to the elastic property. However, the recovery is delayed because of the
viscous influence. Typically, a dashpot is used as the viscous element while an ideal
spring is used as the Hookean, or elastic, element for mechanical models. The spring
measures the elastic modulus of the material while the dashpot measures the viscosity.
There are multiple different creep models available to analyze viscoelastic materials,
which include Maxwell, Kelvin-Voigt, and Burgers Models [22]. In the following

sections, these three models will be explained in detail.



1.2.1 Maxwell Model

The Maxwell Model is where the spring and dashpot are in series together as seen in

Figure 1.

{F\/\/\—’

Figure 1. Maxwell Model for creep.

Since the two elements are in series with one another, the total strain is actually the strain
of each individual element added together. The equation to determine strain rate using a

Maxwell is seen in Equation 1.

Equation 1

= a—}-n

de (1) do o
ot E

However, as stated previously, creep has a constant stress, which is applied
instantaneously. This means the creep compliance, D(t) can be written as follows in

Equation 2 [22].
Equation 2

D(t)= @ — £+g_0 =

t
—+D
Oy n 0oy n



1.2.2 Kelvin-Voigt Model

Unlike the Maxwell Model, the Kelvin-Voigt Model is where the spring and dashpot are

in parallel as seen in Figure 2.

l

Figure 2. Kelvin-Voigt Model for creep.

For this model, the strain on the two elements must be the same, but now the stresses are

combined. Thus the following equation shows the fundamental relation for this model.

Equation 3

de
o=Ee+ na

As for determining the creep deformation, Equation 4 is used.

Equation 4

D) = D[1 - exp (<)

There are advantages and disadvantages of using either the Maxwell or Kelvin-Voigt
Model. If more interested in getting information about the modulus of a model, Maxwell

better represents this. However, if compliance is needed, Voigt is the model to use.
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These two models only give results for one transition opposed to multiple transitions.

Due to this, there are creep models used for multi-element materials [22].
1.2.3 Burgers Model

One multi-element model is the Burgers Model. This model combines the previous two

explained models together in series as seen in Figure 3 [23].

L'J

o

Figure 3. Burgers Model for creep.

This model separates the strain into three types of deformation: instantaneous, elastic and

plastic. Together the equation to determine the strain can be seen in Equation 5 [24].

Equation 5

tEy, o
s(t)——+—[1—exp( )]+—t
Er  Ey; Ny Nvp

These different models of creep can be analyzed through different methods using the

dynamic mechanical analysis (DMA).



1.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) is one of the basic tools used to measure the
viscoelastic properties of polymers. The viscoelastic properties can be related to
temperature, time, frequency, or even humidity if the relative-humidity chamber is placed
on the equipment. Different transitions and bulk properties of polymers can also be
analyzed by the DMA. The responses of materials placed in the DMA are measured by
applying an oscillating force to the material. Stress, the measure of force applied to an
area, and strain, the deformation of a sample, are the two most important concepts of
DMA. By obtaining these different mechanical properties, the performance of materials
in different applications can be projected. Since DMA relies on stress and strain, both

creep-recovery and dynamic tests can be performed on materials [25].

Research has been done in the past on the creep response of different polymeric materials
using the DMA. Previously, the creep response of wood had been studied when exposed
to different temperatures and moisture content [26]—[28]. In one study, the temperature
range varied from 5°C to 105°C while the moisture content varied from 0% to over 30%.
As the temperature increased, the instantaneous compliance increased regardless of the
moisture content. Comparatively, the instantaneous compliance at the same temperature
also increased as the moisture content was increased. Moisture content and temperature

effect the mechanical properties of pieces of wood [26].

In another study, many different types of wood were tested at varying moisture contents
to determine the effect with regards to the viscoelasticity. The woods tested were then
divided into two groups after the testing. Birch-like woods showed a response that there
is an effect in viscoelasticity when there is a variation in moisture content. On the other
hand, spruce-like woods showed the change in moisture content and temperature does not

change the creep strain response [28].



1.4 Creep of Cellulose Nanocrystals

There have not been many studies done on finding the creep response of individual
CNCs. However, there have been some studies on the creep response of PMCs with
CNCs added as fillers. One reason CNCs are added is to enhance the creep performance
of composite matrices. This is because fillers have tendency to add a more solid-like
response that leads to a reduced creep deformation compared to neat-composites [29]—
[34]. When CNCs were added to low-density polyethylene (LDPE) and polypropylene
(PP), there was a change of the creep deformation. Neat LDPE and PP both showed non-
linear deformation with time. Composites with both 5% and 10% CNCs were created
with LDPE and PP. After just 30 minutes, neat-LDPE showed 29% deformation, while
the composites with CNCs showed a deformation of 25% for 5% CNCs and 17% for 10%
CNCs. Neat-PP showed a creep deformation of 48% after 30 minutes, while the
composites with 5% CNCs showed 31% deformation and 27% deformation for 10%
CNCs. These results show that CNCs can improve the effective of the stress transfer

between the polymer and filler which enhances the creep performance of PMCs [1].

In another study, composite films created with CNCs and polyurethane (PU) were created
to test for shape memory properties. Typical shape memory polymers have a low
stiffness compared to metals and ceramics, which is why CNCs were added as fillers.
These PMCs did show a higher tensile modulus and strength than those without the
CNCs as fillers. Also there was an elongation seen at the break of the film. The creep
deformation decreased when the CNCs concentration increased. Although the modulus
and strength were increased with the CNCs, there was not a substantial effect on the
recovery of the shape memory as this behavior still is controlled primarily by the PU

properties [35].
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1.5 Humidity Effect on Polymer Films

The effect of humidity and other environmental conditions on polymer films have been
studied previously [36], [37]. In one study, it is seen that there is a non-linear
relationship between the environmental conditions and equilibrium moisture content.
This research was done on polyurethane lacquer, a synthetic polymer. The water
absorption acts as a plasticizer in PU lacquers. These films have a complex dependence
on different environmental conditions, such as UV irradiation and water absorption.

With regards to the water absorption, the films show an increase in maximum strain [36].

Another study shows the effect of humidity on nonelectrolyte polymer films versus
polyelectrolyte multilayer films (PEMs). The nonelectrolyte polymer films exhibit
minimal changes in mechanical properties when introduced to humidity. However,
PEMs show a substantial responsiveness with regards to humidity. The films swelled
when introduced to humidity. This study demonstrated the humidity-dependent changes
of thickness and Young’s modulus of PEMs, and how changing the environmental

conditions can change the mechanical properties [37].

Previous research has shown the impact of CNCs as fillers in PMCs and the creep
response of these matrices. However, the creep response of neat-CNC films has not been
studied. The following research will discuss neat-CNCs films creep response when

introduced to different humidity levels.
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CHAPTER 2. EXPERIMENTAL PROCEDURES

2.1 Materials

The University of Maine Process Development Center in collaboration with the Forest
Products Laboratory (FPL) in Madison, Wisconsin provided the cellulose nanocrystals
(CNCs) that were studied for this research. The solids in the batch were 11.8 wt.% CNC
in water. This was formed by acid hydrolysis of 1 wt.% sulfur on dry CNC sodium.
These CNCs have an aspect ratio of 9.5, with a length of 64 + 5 nm and width of 7 + 1
nm. Figure 4 shows the TEM image coupled with Image J of the CNCs.

200 nm w-CNC 92K TEM Mag

Figure 4. TEM Image coupled with Image J of Forest Products Laboratory Cellulose
Nanocrystals.

The CNCs were combined with Nanopure water from the lab at different weight

percentages of 3.1 and 9.5, which will be explained in detail in Section 2.2.
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2.2 CNC Film Preparation

In a beaker, the amounts of CNC and Nanopure water were combined. The amount of
CNC is determined by the following equation with the remaining weight being the
amount of water needed.

Equation 6

total weight X CNC percent desired
11.8 wt%

weight of stock CNC =

After many failed attempts of making films, it was determined that to obtain the correct
thickness, the total weight must increase for lower percentages of CNCs. This was to
ensure that the thicknesses of the 3.5 wt.% and 9.1 wt.% films were the same. Shown in
Table 1 are the approximate amounts of CNC used to obtain a film that is approximately
100 micrometer (um) thick. The thickness was measured using a micrometer in 5

different parts of the film and averaging the thicknesses together.

Table 1. Approximate weight of CNCs used to make 3.5 wt.% and 9.1 wt.% films.

Weight Percent of Total Weight Weight of CNC Thickness of
CNC Film

3.5 wt.% 55¢g 16.31+0.05¢g 100 £2 pum

9.1 wt.% 30g 23.14+0.05 ¢ 100+ 2 pum

After the amounts of CNC and water were combined in a beaker, the solution was
sonicated in the Branson Digital Sonifier. This was done at amplitude of 40% for three
minutes with the pulse on for one second and off for one second. These were the settings
that worked best for the 3.5wt% solutions. However, the 9.1wt% solutions had much
more solid than liquid as seen in Table 1. Due to this, the solution was placed in the

Sonifier for twice as long to ensure a total dispersion, or transparency of said mixture.
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Once the ultrasonications were completed, two different types of films were attempted:
self-organized and sheared. The processes for making these types of films will be

discussed in the following sections.

2.2.1 Self-Organized Films

In order to make self-organized films, petri dishes made of glass and polystyrene (PS)
were used. This was done to compare the differences between the films. The previously
ultrasonicated solution was poured into a petri dish as seen in Figure 4. These filled petri

dishes were then left in a cabinet to dry at room temperature.

Figure 5. Representation of CNCs + water solution being poured into a petri dish.

They still had access to air flow by keeping the cabinet door slightly open at all times
during the drying process. The lower CNC weight percentages took longer to dry due to
the increase in the amount of water left to evaporate. The 9.1wt% CNC films took
around three to four days to dry, while the 3.5wt% CNC films took around seven to nine

days to dry [9], [10].

The total amount of weight of the solution played an important role in determining the
outcome of the drying process. If there were too much solution in the petri dish, the films
would tend to crack in the middle. However, if there were not enough solution, the films
would be too thin to remove from either the glass or plastic dish. Hence, a higher total
volume for lower weight percentages and a lower total volume for higher weight

percentages of CNCs. The films prepared in glass petri dishes were much easier to
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remove without cracking rather than the films prepared in PS petri dishes. Moving

forward, only the films made in glass petri dishes were used for mechanical testing.
These films are considered self-organized because during the drying process, the
cellulose nanocrystals self-align randomly. This will be further analyzed in Sections 3.5-

3.7 where the microstructures are examined from optical images.

2.2.1.1 Variations of Self-Organized Films

Other experiments were attempted to create films to discover if there were any variations.
The ultrasonicated solution was placed into the refrigerator for 24 hours before being
poured into the petri dish. This experiment proved to not have an impact on the types of
films that were made post-drying. Thus, it was not used to carry on the process of

making films.

Another variation was using different weight percentages of CNCs to create films. Films
with a lower weight percentage of CNC, around 1.6, did not form films that could be
tested in the DMA as the films were either too brittle, too thin, or unable to be removed
from the petri dish. The other attempt made was to make the films with higher weight
percentage than 9.1 wt.%, but it did not work and hence it was determined that 9.1 wt.%

was the maximum limitation.

2.2.2 Sheared Films

As previously stated, sheared films were attempted for testing. After the sonication
process was complete, the solution would be placed on both glass and polyethylene
terephthalate (PET) substrates. It was determined that the films were best made on the
PET substrate because the solution would not stay in the designated area on the glass
substrate due to the hydrophobicity of the glass being used. Small amounts of solution

were placed on the substrate at a time and then sheared down a designated area with a
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small razor blade multiple times. This process continued until the entire solution was
sheared. These sheared films were left to dry uninterrupted for a few days. However, as
the films were drying the thickness would vary throughout. The film would tend to be
thicker in the middle of the film and very thin on the outside, making the film “curl-up”
on the edges. Not only would there be a variation in thickness but in many areas, the film
would also crack throughout the film. Since the film was various thicknesses and
cracking in the thicker areas, the films were unable to be cut into samples for mechanical
testing. Also, the CNCs were not well dispersed once the film was dried compared to the

initial process of shearing [9], [10].

Because of these reasons, it was decided to proceed with only the unsheared films for

further testing.

2.3 Laser Cutter

Once the films were completely dried, they were taken to the Birck Nanotechnology
Center to cut into numerous samples. The Universal Laser Systems PLS6MW Multi-
Wavelength Laser Cutter was used. The samples were cut into 4 mm x 15 mm samples.
This was to ensure that the samples were long enough in case they were broken in the
process of placing into the dynamic mechanical analysis. Afterwards, the experiments in

the DMA were able to start.

2.4 Dynamic Mechanical Analysis

A TA Instruments DMA Q800 was used for the majority of this research. The DMA-
Relative Humidity accessory was placed on the instrument before any calibration was
conducted. First the position was calibrated and then the film tension clamp was
performed. After both calibrations were complete, the DMA was ready to be used to start

testing the self-aligned films.
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2.4.1 DMA Method

The main method of this research was done under a controlled force using the film
tension clamp. The process started by applying an initial force of 0.001 N exerted onto
the film. The samples were ran at the temperatures 30°C and 50°C, and at relative

humidity levels 80%, 40% and 0%. The method is as follows:

1. Data Storage On

2. Equilibrate at 30/50°C
3. Relative Humidity 80%
4. Isothermal 50 minutes
5. Ramp Stress 0.5 MPA/min to 1 MPA
6. Isothermal 180 min

7. Force Ramped to 0.4 N
8. Isothermal 180 min

9. Humidity 40%

10. Isothermal 25 min

1. Repeat Steps 5-8

12. Humidity 0%

13. Isothermal 25 min

14. Repeat Steps 5-8

This method was approximately 20 hours per run, indicating that each sample was in the
DMA for around 40 hours. Some films did not make it through the entire run which
could be due to either human error, not tightening the clamp enough to make sure the

film did not slip during the run, or failure in the film, the film was too brittle to withstand
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the amount of humidity and stress placed on the film. During these runs it was found that
most of the films tested using this method did not fail during the 30°C or 50°C run. The
isothermal times were chosen due to the increase or decrease amount of humidity level.
At the beginning of the experiment, the humidity is increased from 0% to 80%, thus 50
minutes was chosen. When the humidity levels were decreased to 40% and then to 0%,
only 25 minutes was chosen, as the decrease was half the amount from the initial increase
of humidity. It took longer for the humidity chamber to increase to 80% than it did to

decrease to 40% and then 0% levels.

2.4.2 Variations of DMA Method

Before the success of this particular method, other methods were first run that did not
work well with the thin, brittle films. One of the first methods attempted was starting at
0% humidity and working up to 80% humidity. However when this method was used,
most samples seemed to break well before the 30°C experiment was complete. This may
have been due to the brittleness of the films. Since the films used were just 100 pum
thick, the intensity and length of the method may have been too much. This is why the
method chosen begins with increasing the humidity directly to 80% at the beginning of

the experiment after the temperature was set.

Once this was determined to work better for the unsheared CNC films, the next thing that
needed to be done was to determine how long each part of the method should run. Since
this research is to discover if humidity has an effect on the creep of CNC films, the
method needed to be long enough at the different humidity levels to make sure there was
not a change as the different humidity levels were stabilized. This is particularly seen in
steps 6 and 8 of the method used. These steps are isothermal for 180 minutes. Three
hours was chosen because this would be long enough to see any change that may occur as
the film is at 80, 40 and O percent humidity. This meant that the film would be under
each humidity level for approximately 6 hours after the certain humidity was stabilized.

Before 180 minutes was determined, 60 minutes and 120 minutes were used for both
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steps 6 and 8. Sixty minutes for steps 6 and 8 proved to not be long enough to see if any
real change would occur. 120 minutes also seemed to be just shy of the minimum
amount of time needed for each step. Thus, 180 minutes was finally determined to be the

best to see the creep response.

2.5 Optical Microscopy

Before and after the films were tested in the DMA at 30°C and 50°C, optical images were
taken by using optical microscope, Carl Zeiss with Canon EOS Rebel T5i camera. The
optical images of the microstructure were taken using both non-polarized and polarized
light. In Sections 3.5-3.7, the micrographs before and after humidity effect will be

compared, as well as the 3.5wt% versus the 9.1wt%.
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CHAPTER 3. RESULTS AND DISCUSSION

3.1 DMA Results of 3.5wt% Films

The data from the DMA for 3.5wt% films are shown in Figure 5, at temperatures (a)
30°C and (b) 50°C. Five samples were used to determine an average strain. One of the
first differences observed between the two graphs is the strain rate as the humidity is
ramped to 80% at the beginning of the experiment. At 30°C, the strain is not able to
increase at a steady rate or normalize once the force begins to rise. However at 50°C, the
strain does appear to increase at a steady rate when the humidity is increased to 80% and
levels out as the force is held at 0.4 N. Table 2 displays the differences between the
slopes at the two temperatures when humidity is changed. At 50°C, the strain increases

at a much faster rate than at 30°C.

Table 2. Slope changes for 3.5 wt.% films at 30°C and 50°C.

Humidity Change Slope for 30°C Slope for 50°C
0% to 80% 0.018 £0.002 0.026 £ 0.001
80% to 40% -0.022 +0.001 -0.042 + 0.002
40% to 0% -0.010 +0.001 -0.013 +0.002

The first zoomed in section at 30°C shows that the strain actually increases as the force is
brought back to 0 N from 0.4 N. It was expected that the strain would always decrease at
this part of the system at 80%, 40% and 0% humidity levels. This is shown in the
zoomed in section at 50°C in Figure 5b. Here the strain decreases at a constant rate that

is actually seen at all three humidity sections when the force is ramped back to 0 N.
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Although the strain has a more difficult time increasing at 30°C than at 50°C, during the
30°C run the samples go to a higher strain percentage just at a slower rate. At 30°C the
highest strain achieved is 2.16% at 414.73 minutes, whereas at 50°C the highest strain
reached is 1.53% at 257.26 minutes. This show that the films response to creep at 80%
humidity are higher, but slower at 30°C and faster and lower at 50°C.

In the second zoomed in section Figure 5a at 30°C where the humidity is changed from
80% to 40%, the strain is decreasing at a rate that ends halfway through the force
stabilized at 0.4 N. When compared to the results at 50°C, the strain decreases slower at
30°C. In the 50°C graph 5b, the strain decreases almost at the same rate (Table 2) as the
humidity is decreasing and is more stabilized as the force is ramped. However in both
graphs, there is almost a full creep recovery for both samples as the strain is close to 0%
at this point. The reason that it could take longer to see the strain level out as the force is

stabilized is due to the higher strain achieved initially when under 30°C.

Finally, the third zoomed in picture in Figure 5a shows the change of strain right before
the force is decreased at 0% humidity. Although this is closer to the trend that was
expected, it does not exactly match up to the trend at 50°C. Although during both
conditions, the strain decreases at a slower rate than from 80% to 40%, 50°C decreases its
strain at a bit faster of a rate. In this section the films go from complete creep recovery

response to shrinkage. The films under 30°C shrink more than the films at 50°C.
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Figure 6. Graphs of the strain response of 3.5 wt.% films at 30°C (a) and 50°C (b). (a)

shows zoomed in regions when the force is brought back to 0 N at 80%, 40% and 0%

humidity levels. (b) shows a zoomed in region when the force is brought back to 0 N at

80% humidity to depict the change that occurs at all 3 humidity levels.
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3.2 DMA Results of 9.1 wt.% Films

The data from the DMA for 9.1 wt.% films are portrayed in Figure 6, at temperatures (a)
30°C run and (b) 50°C. Just as said for the 3.5 wt.% films, there were multiple samples
were used to calculate an average strain. Once again, the 30°C samples seem to have a
difficult time reaching the highest strain at 80% humidity at a steady rate. There is also
the issue of the strain not stabilizing as the force is increased to 0.4 N as it does in 6b.
During the runs with this weight percentage of film, the strain reaches its maximum strain
at 2.79% at 361.32 min for 30°C and 1.43% at 245.10 for 50°C. Displayed in Table 3, it
again took longer at the lower temperature to increase to its maximum strain compared to
the rate at 50°C. Even though it took longer to reach the maximum strain for 30°C, the

films responses to creep at 80% humidity are higher than those experienced at 50°C.

Table 3. Slope changes for 9.1 wt.% films at 30°C and 50°C.

Humidity Change Slope for 30°C Slope for 50°C
0% to 80% 0.013 £0.001 0.026 £ 0.001
80% to 40% -0.026 + 0.002 -0.028 + 0.001
40% to 0% -0.006 + 0.002 -0.014 +0.001

The first zoomed in section in Figure 6a shows the strain is increasing as the force is
ramped back down to 0 N. Again, it was anticipated that the strain would always
decrease with the force decreasing. This trend is shown at the zoomed in section at 50°C
in Figure 6b. The strain is decreasing at a constant rate at all three humidity levels for

this temperature.

In the second zoomed in section at 30°C, the humidity is at 40%. Here, the strain
actually decreases halfway through the stabilization of the force at 0.4 N. It is interesting
to observe this as the initial decrease in strain went at about the same rate as in the 50°C
run. However there was not full creep recovery at 30°C until the end, whereas there was

almost total creep recovery as the humidity was ramped down. Yet again, it may have
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taken longer to reach total creep recovery at the lower temperature as it had initially

reached a higher strain percentage at 80% humidity.

Finally, the third zoomed in picture at 30°C Figure 6a shows the decrease in strain
starting before the force is decreased at 0% humidity. This is the closest to the trend that
was expected and seen at 50°C. For both temperatures, the strain decreases at a much
slower rate than previously. When the humidity is decreased to 0% and normalized for
the duration of the experiment, the films go from complete creep recovery to shrinkage.
The films under 30°C shrink more than the films at 50°C, just like it was observed for

3.5wt% films.
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Figure 7. Graphs of the strain response of 9.1 wt.% films at 30°C (a) and 50°C (b). (a)

shows zoomed in regions when the force is brought back to 0 N at 80%, 40% and 0%

humidity levels. (b) shows a zoomed in region when the force is brought back to 0 N at

80% humidity to depict the change that occurs at all 3 humidity levels.
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3.3 Comparison of 3.5 wt.% and 9.1 wt.% Films

In the previous sections the DMA data was compared solely between the weight
percentages of films individually. Here, the differences between 3.5 wt.% and 9.1 wt.%

films will be analyzed.

The trends are the same regardless of the weight percentage of CNC at 50°C. The main
differences at this temperature are the strain rate when the humidity is decreased to 40%
from 80% and the maximum strain experienced during the runs. The trends are suspected
to be the same because the humidity effect during the 30°C run erased the drying and
thermal histories of the films. This means that now the films are basically equivalent
regardless of the weight percentage of cellulose nanocrystals. They are acting the same

and as a typical polymer film. The results are shown below in Table 4.

Table 4. Average maximum strain and the time it took to reach this maximum at 50°C
for 3.5 wt.% and 9.1 wt.% films.

Film Concentration Average Maximum Strain Time
3.5 wt.% 1.53% +0.16 257.26 min
9.1 wt.% 1.43% +0.13 245.10 min

As for the other major difference at 50°C, the strain rate for the 9.1 wt.% films was
slower as the humidity decreased from 80% to 40%. These values can be compared in
Table 4. It is possible that having a higher concentration of CNC in a film makes the
creep recovery response a bit slower as there is more CNCs in the film than those of the
3.5 wt.% films. One way to test this theory would be by performing further experiments
using different weight percentages that are lower and higher than 3.5 wt.% and see if the

trend stays the same.

Although the 3.5 wt.% films had a slightly higher maximum strain at 50°C, the 9.1 wt.%

films had a higher maximum strain at 30°C. This can be seen in Table 5. The higher




26

weight percentage of CNCs films not only experienced a higher maximum strain, but also
at a faster time than the lower weight percent. The 9.1 wt.% films experienced the
maximum strain almost an hour before the 3.5 wt.% films experienced the lower
maximum percentage. Since the 9.1 wt.% films dried rather quickly, the cellulose
nanocrystals did not have a lot of time to self assemble in a thermodynamically favorable
way. Because of this, there was a high amount of residual stress in these films. With
higher residual stress comes a higher strain as the initial force is admitted to the film.
The 3.5 wt.% films took much longer to dry, thus there was time for the CNCs to self
assemble in a thermodynamically favorable way. There was less residual stress in the

films, leading to a lower maximum strain than the 9.1 wt.% films.

Table 5. Average maximum strain and the time it took to reach this maximum at 30°C for
3.5 wt.% and 9.1 wt.% films.

Film Concentration AverageMaximum Strain Time
3.5 wt.% 2.16% +0.12 414.73 min
9.1 wt.% 2.79% +0.13 361.32 min

Unlike at 50°C, the strain rates were very similar during the humidity changes for the
30°C runs at each weight percentage. Still, the 30°C results are not the best and in the
future, experiments at higher temperatures need to be ran to compare the results for

different weight percentages of CNC films.

Regardless of the temperature or weight percent of film used, one trend remained the
same throughout every run. The largest strain experienced happened at 80% humidity,
however the trend is non-linear when reducing in temperature. As the humidity was
ramped up at a fast rate, the strain did as well. This is also seen in Niinivaara, et al. study
of water uptake on CNCs films through quartz crystal microbalance with dissipation
monitoring (QCM-D) experiment. In their experiment, ultrathin CNCs films were
prepared using a spin coater. Different masses of CNCs were used to determine if there

were a difference in the change of thickness (At) as the humidity was increased to 100%
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and then brought back to 0%. In this, the trend is also non-linear. There is an increase in
At as the humidity was increased [38]. This can be related to the increase in strain of the

CNC films used for the experiments done in the DMA.

In Niinivaara, et al. study, the change of At from 80% to 40% humidity versus 40% to 0%
humidity is comparable to the results found in Figures 5 and 6 from the DMA. From
80% to 40% humidity, there is a larger change in percent of strain or At than the change
between 40% and 0% humidity. Just as stated previously about the films experimented
on in the DMA, the films have experienced an increase with full recovery and in the end
some skringage by the end of the experiment. Although the QCM-D and DMA do not
report exactly the same data, the two experiments are complementary to the response of

creep when humidity is introduced to CNCs films.
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3.4 Optical Microscopy Images of 3.5 wt.% Films

Micrographs of 3.5 wt.% films were taken before and after the DMA experiments were
conducted. Both non-polarized (Figure 7) and polarized (Figure 8) light were used to
determine what changes happened to the films once exposed to humidity, stress and
strain. Figures 7a and 8a show the film before humidity exposure while Figures 7b and
8b show the film after humidity is introduced to the film at both 30°C and 50°C. The

non-polarized micrographs do not see much differences when compared.

Contrasting to the non-polarized images, the polarized micrographs show a difference in
the vibrancy of the colors that appear. Before the films are exposed to the humidity, the
colors are very distinct and vibrant, with more shades of blue appearing. After humidity,
the colors are duller with more shades of yellow and red emerging. This could be due to
the pitch length of the CNCs. CNC dispersions typically form in a chiral nematic
structure. The characteristic repeat distance between the rod-like chains twisting around
is described as the pitch-length [39]. This ordering of CNCs chains leads to the vibrant

colors seen in polarized optical images of thin CNCs films.

CNC dispersions also exhibit lyotropic chiral nematic behavior at lower concentrations as
they have lower viscosities and form in a shorter amount of time. Security features and
the cosmetics industry have been attracted to these thin CNC films and their vivid
iridescence. These colors can be tailored in many different ways: adding salt to increase
the ionic strength to lead to a blue shift [40], ultrasonicating the dispersion to lead to a red
shift [41], and by changing the temperatures the films are exposed to as higher
temperatures also lead to a blue shift [42]. Different research groups, such as Kelly and
collaborators at the University of British Columbia have started studying the
development of these films and changing the birefringes of the CNC films. This group in
particular studied mesoporous materiasl that incorporated CNCs. However, the humidity
and creep effect of neat-CNC films birefringence have not previously been studied and

will be analyzed in the coming sections.



29

A typical structure of CNCs exhibit a long pitch-length, however referring back to
Section 2.2, the CNC and water solutions were ultrasonicated. Ultrasonication changes
the chiralty of the polymer chains by changing the pitch length. When this is done, the
critical concentration needed for phase separation is increased. At higher weight
percentages of CNCs, the pitch length may in fact increase as seen in Beck’s study of
CNC films. However, at the lower concentrations of CNCs, the chains are broken up
which lead to a blue shift in the non-polarized films. As the films dried, the CNCs had
the ability to self-organize freely as the pitch length was shorter. However, once the
films were placed in an atmosphere with humidity and temperature, the CNCs pitch
length may have possibly changed again. This could explain the differences in the two
polarized images. When the films are under humidity, the CNC chains may start to
overlap and stack on top of each other so the color is not as vibrant. Also, as the films are
placed in higher temperatures the pitch length also increases. An increasing pitch length
leads to a more red shades of colors. There have been previous studies that show the
influence of temperature on the chiral nematic structure of cellulose [43]-[45]. Although
most of these studies involve the temperature during the drying of the CNC films [42],
the results show there is a change when the films are introduced to different temperatures

in the DMA.
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Scale bar: 1 mm ;. : -

Figure 8. Micrographs of 3.5 wt.% films before (a) and after (b) humidity using non-
polarized light.
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Figure 9. Micrographs of 3.5 wt.% films before (a) and after (b) humidity using polarized
light.
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3.5 Optical Microscopy Images of 9.1 wt.% Films

Micrographs of 9.1 wt.% films were also taken before and after the DMA experiments
were conducted. Both non-polarized (Figure 9) and polarized (Figure 10) light were used
to determine what changes happened to the films once exposed to humidity. Figures 9a
and 10a show the film before humidity exposure while Figures 9b and 10b show the film
after humidity is introduced to the film at both 30°C and 50°C.

The non-polarized images show some differences. The micrograph prior to humidty does
not experience much color and is closer to a brown-red shade. Although the 9.1 wt.%
solution was ultrasonicated, it may have not been long enough to decrease the pitch
length enough to freely space the CNC chains. With a higher concentration, the more
likely the chains are to stack together. After humidity, the non-polarized film still shows
mostly a brown color, but now there are more tints of blue shown throughout which
would mean the pitch length decreased somewhat, and the chains reorganized during the

runs.

The polarized micrographs also show differences when it comes to the vibrancy of the
colors that appear. Before the film was exposed to humidity in the DMA, the colors are
very dark, with more shades of orange and red appearing. After humidity, the films are
brighter with shades of red and orange on the outside of the micrograph, but shades of

blue throughout the middle.

The pitch length plays an important role in having these features of the micrographs.
Although these films were ultrasonicated, the concentration of solid to liquid is very high
which makes it harder to orient freely. The pitch length was still affected by the
ultrasonication, but having a higher concentration did not allow the CNC chains to align
next to each other, but on top of each other initially. This is why the polarized image
prior to humidity affect shows darker shades closer to red shades than blue. Afer the

humidity is introduced to the 9.1 wt.% films, the chains align differently on the core of
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the films. Closer to the middle of the films, the chains are more freely oriented and
adjacent to each other, but continue to position on top of one another on the edges. The

temperature effect may also play a vital role in the alignment and pitch length of the CNC

chains.
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Scale bar: 1 mm

Figure 10. Micrographs of 9.1 wt.% films before (a) and after (b) humidity using non-
polarized light.
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Figure 11. Micrographs of 9.1 wt.% films before (a) and after (b) humidity using
polarized light.
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3.6 Comparison of 3.5 wt.% and 9.1 wt.% Films Optical Microscopy Images

Sections 3.4 and 3.5 discussed the differences between the non-polarized and polarized
images of 3.5 wt.% and 9.1 wt.% films. In this section, the differences observed in the
two weight percentages of CNCs will be discussed. As explained, lower concentrations
are able to move more freely while drying. This explains the differences in the non-
polarized and polarized images before humidity at 3.5 wt.% and 9.1 wt.%. For the first
set of films, the chains were able to move freely with a lower pitch length and settle next
to each other. This led to a micrograph with more blue colors than the 9.1 wt.%

micrograph both with and without polarized light.

Both weight percentages showed changes in the polarized micrographs after the films
were introduced to humidity. It can be assumed that the humidity effect plays a role in

the pitch length of CNCs and the final structure of the film.



37

CHAPTER 4. CONCLUSIONS AND FUTURE WORK

The mechanical and optical properties of CNCs can be affected by a variety of
parameters. This research shows that the creep response of ultrathin neat-CNC films
changes when humidity is introduced. As the humidity is increased to 80% at both 30°C
and 50°C, the strain increases. However, as the humidity is decreased to 40%, there is
full creep recovery. Finally, there is shrinkage of the film when the humidity is
decreased back to 0%. Further research needs to be performed to determine whether this
shrinkage of the films is due to the humidity effect or the force effect. The data collected
shows that there is a response to the changing humidity effect throughout the experiment.

The structural changes of the films are seen in the optical micrographs.

There is also an effect on the optical properties of CNC films due to humidity. First, as
reported by other groups, one can see the pitch length is affected by the concentration and
ultrasonication of the solutions. However, there is still further shift in color as the films

are introduced to humidity. Many more tests can be run to determine this trend.

In the future, films can be made using a multitude of procedures to look at the difference
in mechanical and optical properties. Films of the same weight percentages can be
placed in an oven to dry within a few hours and then tested using the same DMA method.
Optical images can also be taken of these films to see if the polarized images prior to
humidity look different than the films that are left to dry at room temperature. It was
observed that there were no real differences between the films where the solution was left
in the refrigerator after ultrasonication versus the solution being poured directly into the

petri dishes. However, there could be a difference in the mechanical and optical
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properties. These films can be tested in the future to determine if there are any

differences in creep or optical colors.

A method where the humidity is increased at a slower rate could also be run on the films
already made and the new ones made to see if the trend is the same. This new method
could run the current method backwards, starting at 0% humidity and increasing to 40%
and then 80%. Also, higher temperatures, i.e. 70°C and 90°C, could be held while the

method runs to determine the changes in creep response.

Finally, additional new testing can be done on the current and future CNC films to further
predict certain properties of the neat-CNC films. The optical properties can be looked at
by using x-ray diffraction (XRD), scanning electron microscopy (SEM) and circular
dichroism (CD) to analyze the pitch lengths of the films prior to and after humidity
interaction. Hopefully, these claims would back up the claims made from this research

and complement the previous research done on neat-CNC films.
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