INVESTIGATION ON PROPERTIES OF CEMENTITIOUS MATERIALS
REINFORCED BY GRAPHENE

by
Zhou Fan

B.S. Engineering, Hunan University, 2010

Submitted to the Graduate Faculty of
The Swanson School of Engineering in partial fulfillment
of the requirements for the degree of

Master of Science in Civil Engineering

University of Pittsburgh

2014



UNIVERSITY OF PITTSBURGH

SWANSON SCHOOL OF ENGINEERING

This thesis was presented

by

Zhou Fan

It was defended on
March 26, 2014

and approved by

Jeen-Shang Lin, ScD, Associate Professor,
Department of Civil and Environmental Engineering

John Brigham, PhD, Assistant Professor,
Department of Civil and Environmental Engineering

Thesis Advisor: Qiang Yu, PhD, Assistant Professor,
Department of Civil and Environmental Engineering



Copyright © by Zhou Fan

2014



INVESTIGATION ON PROPERTIES OF CEMENTITIOUS MATERIALS
REINFORCED BY GRAPHENE
Zhou Fan, M.S.

University of Pittsburgh, 2014

Graphene nanoplatelet has been found to be able to improve the mechanical and electrical
properties of concrete so that it can make the concrete to be a "smart material”. However, its
effects on some other properties of graphene additive concrete, e.g., frost and corrosion
resistance, remain unknown. Therefore, it cannot be directly applied in the construction practice
without further investigation. The purpose of this research is to study the frost resistance and
corrosion resistance of graphene additive mortar as well as the corresponding compressive
strength enhancement induced by the addition of graphene. Here the tests are performed on 5
groups of mortar specimens with the same mix proportion. One group of them were cast by
normal mortar, while each of the other four groups was enriched by an equal amount of C grade
graphene particles (GC), C grade oxidative graphene particles (GOC), M grade graphene
particles (GM) and M grade oxidative graphene particles (GOM), respectively. The dimension of
the C grade graphene nanoplatelets is smaller than that of M grade graphene nanosheets. After 28
days curing, compressive strength test, Young's modulus and Poisson ratio measurement test,
water absorption test, 300 cycles freezing and thawing test and 5-month corrosion test were
performed. The results exhibit that the performance of the GOM group is the best among all of
the experimental groups. The enhancement of the compressive strength of the GOM group is
13.2% compared to the normal mortar. The corrosion and frost resistance of cement are both
slightly improved by adding the M grade oxidative graphene particles. In order to study the
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corresponding mechanism from the microstructure of concrete, atomic force microscopy, Raman
spectroscopy and scanning electron microscopy were implemented in this research. The results
of this study indicate that the oxidative graphene nanoplatelets can effectively reduce the
porosity of the cementitious material and therefore increase its strength as well as the corrosion

and the frost resistance.
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1.0 INTRODUCTION

1.1 GENERAL

Concrete, with its low price, simple production process, high compressive strength and excellent
durability, is one of major civil engineering materials and has been deeply studied and widely
used. However, with the applications of new technologies, demands are more and more intense
on the innovative concrete, which is stronger and smarter. It means that people want concrete to
be able to provide strength for structure, as well as to integrate other functional applications,
such as self-monitoring. Thus, carbon fiber additive concrete comes forth.

Adding carbon fibers can improve the electric conductivity of concrete for various
applications such as electromagnetic interference shielding, lateral guidance in automatic
highways, traffic monitoring, weighing in motion, deicing and self-monitoring (Hou et al. 2006).
With the development of nano materials, carbon nano-fibers were gradually being studied, such
as carbon nanotubes and graphene nanoplatelets. During recent decades, using carbon nanotubes
to improve the performance of concrete has been attracting increasing interests. However, the
research about graphene additive concrete is still in its infancy.

Graphene is a two-dimensional carbon molecule in which the structure is quite similar to
graphite. "Graphene" refers to a single layer of graphite, and in some cases means a few layers of

graphite as well. Because of its unique structure, the surface area of graphene nanoplatelets is



greatly increased to make itself an ideal nano material which can be used to reduce the electric
resistivity of concrete.

Furthermore, it has been noted that enriched by graphene nano-material merely 0.01 % to
1 % of the weight of the Portland cement, the concrete compressive strength could be improved
from 5% to 40%, depending on the particle dimension of the additive materials and the different
treatment methods that have been used in the experiments. Thus, this technology could have a
wide application in civil engineering.

However, except the current studies on the compressive strength, tensile strength and the
flexural strength of this new type of "cement”, some other important material properties of this
"smart material™ still need to be investigated, e.g., the frost and corrosion resistance.

In practice, the concrete structure is subject to alternating hot and cold external
environment during each calendar year, especially in high latitude regions. The annual
temperature difference in some areas can reach 100 °C. Under such extreme conditions, frost
resistance of concrete is particularly important. Similarly, the structures are expected to be
contacted by water, such as ground water, acid rain and sea water, and therefore under attack by
the corrosive chemicals in the water. If the application of a new additive resulted in weakening
of concrete frost or corrosion resistance, then the engineering application of this new material is
significantly limited. Thus it is of great importance to study the frost and corrosion resistance of
graphene additive concrete.

Therefore, the main purpose of this research is to study the frost resistance and corrosion
resistance of cementitious materials which are reinforced by graphene nanoplatelets, with an aim
of promoting the pace of using this technique in practice and filling the gaps of the studies in this

area. In addition, this study will try to explore the mechanism of how mechanical properties of



Portland cement can be enhanced by graphene, which has not yet been fully explained. In detail,
this study sets up a series of tests on graphene additive Portland cement to study its concrete
compressive strength, Young's model, Poisson's ratio, frost resistance and corrosion resistance.
The processes, results and related discussions of these tests will be introduced in following

chapters.

1.2  THESIS OUTLINE

The outline of the thesis is organized as follows.

Chapter 2 presents a literature review of the current studies about graphene additive
cementitious materials.

Chapter 3 describes the experimental program of this research.

Chapter 4 reports the experimental results and presents the discussions based on the
experiments.

Chapter 5 shows the microscope observation results.

Chapter 6 presents the conclusions, summaries and recommendations of this research.



2.0 LITERATURE REVIEW

21 CEMENT ENHANCED BY C-NANOTUBES

The carbon nanotubes are the one-dimensional molecules which can be treated as sheets of
graphite rolled up and capped at one end or both ends by half of a fullerene. There are two forms
of carbon nanotubes: multiwall and single-walled. The multiwall carbon nanotubes consist of
nested tubes, whereas the single-walled carbon nanotubes only consist of one-layer tubes. The
diameter of the single-walled carbon nanotubes is only about 1 nm; however, the length of it can
be 1000 nm long or even longer. Recent researches indicate that the carbon nanotubes can be
added into composite material as nanofibers to enhance the strength of the material as well as
improve other properties. (Brown et al. 2010)

In 2012, a research about cement paste reinforced by multiwall carbon nanotubes was
presented by Kumar et al. (2012). In this research, the authors mixed 0.5, 0.75, and 1.0 percent
carbon nanotubes (CNTs) with Portland cement to study the strength gain in the cement
composite material. The specimens were tested on compression strength at 7, 28, 60 90 and 180
days of curing. The results show that the compressive and tensile strengths were increased by
15% and 36%, respectively, with 0.5% CNT content. The authors also indicated that the strength
enhancement mainly occurred during the 7 days and 28 days of curing. However, the rate of

change of compressive and tensile strength with respect to curing age between CNT specimens



and control specimens was seen to be very similar. Thus, the authors claimed that the strength
enhancement is primarily because of cement hydration, rather than the reaction between CNTSs
and cement compounds.

In the same year, Abu Al-Rub et al. (2012) presented research about the effect of
functionalized CNTs and carbon nanofibers (CNFs) on the mechanical properties of cement
composites. The concentrations of treated and untreated CNFs and CNTs were 0.1% and 0.2%
by weight of cement. The treated CNFs and CNTs were oxidized in a solution of sulfuric acid
and nitric acid and washed clean before being added into the cement paste. The results showed
that, compare to the plain cement, the average enhancements on ductility, flexural strength,
Young's modulus and toughness modulus were 73%, 60%, 25% and 170%, respectively. The
authors also suggested that the reasonable value of the concentration of graphene by weight is
around 0.1%.

Besides, Konsta-Gdoutos et al. (2010) presented research to study the effects of
ultrasonic energy and surfactant concentration on the dispersion of multiwall CNTs for cement
based material reinforcement. The authors concluded that, for proper dispersion, the application

of ultrasonic energy is necessary and the ratio of surfactant to CNTSs is suggested to be 4.0.

2.2 CEMENT ENHANCED BY GRAPHENE

In 2013, Alkhateb et al. (2013) showed a series methods to investigate the properties of
cementitious material reinforced by graphene nanoplatelets. In this research, the authors
presented a general framework for using a systematic approach to study the cementitious

materials. These research approaches include molecular dynamics simulations (MD) as well as



observation via atomic force microscopy (AFM), scanning electron microscopy (SEM), X-Ray

diffraction (XRD) and resonant ultrasound spectroscopy.

Water Flower-like crystals formed
B U
L & @

Initial stage of hydration reaction Hydration crystals initial froming

Figure 2-1. Schematic diagram of regulation mechanism of GO on cement hydration crystals (Lv et al. 2013)

Lv et al. (2013) presented research about the effect of graphene oxide nanosheets (GO) in
cement composites. The graphene nanoplatelet used in this research is relatively small (<30 um).
The functionalized graphene is treated by 98% H,SO, and NaNOs;. The experimental results
showed that, when the content of GO was 0.03%, the cement composites exhibited striking
increase in tensile strength (78.6%), flexural strength (60.7%) and compressive strength (38.9%),
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compared to those of normal cement composites. Based on the XRD tests and SEM, the authors
speculated that tricalcium silicate C3S (Ca3SiOs), dicalcium silicate C,S (Ca,SiO,4) and tricalcium
aluminate C3A (CasAl,Og), which are the major ingredients of unhydrous cement, react
preferentially with functional groups (-OH, -COOH and -SO3H) on the surface of GO. The

mechanism for GO cement hydration is shown in Figure 2-1.
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Figure 2-2. Schematic diagram of reaction between graphene and cement (Sedaghat et al. 2013)

Sedaghat et al. (2013) and his team also put forward their theory about the mechanism of
the improvement of material properties caused by GO. The authors claimed that graphene reacts
with portant cement in the hydration process (Figure 2-2). By measuring thermal diffusivity, the

authors indicated that the reaction between graphene and cement can improve concrete heat



dissipation during the hydration process. This led to thermal cracking decrease in specimens so

that graphene could improve the strength of the cementitious materials.

2.3 CARBON NANO-COMPOSITE OXIDATION

The oxidation process can add functional groups on the surface of the carbon molecules in order
to change its properties of interaction with cement. Thus, the oxidation is also called
functionalization. Current literature suggests that the oxidation process is achieved by using high
concentration acid to react with graphene particles. In some cases, catalysts are needed.

In Abu Al-Rub's research (Abu Al-Rub et al. 2012), the oxidation procedure was
performed as follow: 0.9 g CNTs and CNFs was added into 300ml acid solution. The sulfuric to
nitric acid ratio of this solution is 2:1. All the substrate was refluxed for 1 h at 85 °C and
continuously stirred with a magnetic stirrer. The solution was diluted in 4 L distilled water and

then filtered through a polytetrafluorethylene membrane.

Figure 2-3. Process of oxidation (Alkhateb et al. 2012)



As shown in Figure 2-3, the oxidation method used by Alkhateb et al. (2013) is similar
with the method proposed by Rosca et al. (2005). 3 g of graphene and 300 ml of nitric acid were
mixed in a 500-mL glass flask and dispersed in the ultrasound disperser for 15 min. The total
reacting time is 24 hours and then the mixture is purified by filtration using distilled water.

Another oxidation method presented by Lv et al. (2013) is relatively complicated than the
2 methods mentioned previously. As described by the authors, 5g graphite, 30g 98% H,SO, and
2 g NaNO3; was added into a three-necked round-bottomed flask placed in an ice bath (<5 °C)
under stirring. 6g KMnO,4 was gently added to the flask. The flask was maintained at 5 °C for 1
hour until the color of the solution had turned green. Then it was heated and kept to 35 °C for 12
hours. Then 100 mL deionized water was slowly added in and was heated to 90 °C. Then 300
mL deionized water and 30g hydrogen peroxide were slowly added in. After the color of the

solution changed from brown to bright yellow, the mixture was filtered to neutral pH.

2.4 FREEZING & THAWING TESTS

The slow freezing method and the fast freezing method are two main concrete frost resistance
test methods. Existing international standards include ASTM C666-97 and ASTM C672-2003
(United States), BS 5075 (British), CSA A23.2-94 (Canada), NS 3473-92 and NS 4320-86
(Norway) and TC117-2FDC (Sweden) etc. In slow-freezing method, loss of compressive
strength is generally used as a criterion. However, according to the fact that concrete damage in
freezing tests is caused by the internal tension cracking, the specimens are sensitive to
distribution of the tension cracks. It means the results of the compressive strength test are

unpredictable because of the randomness of the internal tension cracks. Thus, the results of slow-
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freezing method are unrepeatable for the other researchers. Furthermore, due to the long test
cycle, heavy workload, the experimental error and other shortcomings, the slow-freezing method
is seldom used now and the fast-freezing method wins the popularity. In addition to the
compressive strength loss, the mass loss ratio is now used as a criterion in the fast-freezing as
well as the slow-freezing methods. It is worth mention here that there is a certain error of this
evaluation criterion, and therefore, in most cases, it is used in conjunction with the relative

dynamic modulus loss to evaluate the frost resistance. (Zhang et al. 2008)

Figure 2-4. Freezing and thawing machine (Hamoush et al. 2012)

At present, there is no research using freezing and thawing test to evaluate the properties
of the cementitious material reinforced by graphene nanoplatelets. In order to fully understand
the freezing and thawing test, some researches about freezing and thawing tests were reviewed.
Shang and Yi (2013) presented a research about the durability of air-entrained concrete by
freezing and thawing test. Their freezing and thawing cycles consisted of alternately lowering the

temperature of the specimens from 6 °C to -15 °C and raising it from -15 °C to 6 °C. The
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specimen size was 100 mm x 100 mmx 400 mm. The dynamic modulus of elasticity and weight
loss of the specimens were measured before the freezing cycles. Hamoush et al. (2011) also used
freezing and thawing test to evaluate the durability of high strength concrete. The freezing and
thawing cycles were performed using the specialized machine which is shown in Figure 2-4.
Their experiments were performed according to ASTM C-666 procedure-A. The dynamic
modulus of elasticity, dynamic modulus of rigidity, Poisson's ratio, flexural strength and

durability factors were investigated after each number of cycles.

2.5 CORROSION TESTS

Schneider and Chen (1997) presented research about the chemomechanical effect and the
mechanochemical effect on high-performance concrete. In this research, the specimens were
subjected to flexural loads with a level of 30% of their initial strengths, while immersed into a
5% ammonium sulfate solution, a 10% ammonium nitrate solution, or a saturated calcium
hydroxide solution.

In 2004, Schneider and Chen presented another experiment used ammonium nitrate
solution to corrode high-performance concrete. The concentrations of ammonium nitrate in the
solution are 10%, 5%, 1% and 0.1%. The authors also mentioned that during the test the

solutions were replaced as needed to maintain the solution concentration.
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26  ATOMIC FORCE MICROSCOPY

AFM s a perfect technique to study nanomaterials because it can provide high resolution
topography of microstructure, combine advantages of digital three-dimensional morphological

information in atmosphere, and have no vacuum requirement. (Yang et al. 2003)

Graphene platelet

Graphane platelets
with different
orientations

0.0 2. Height 50um
(a) ]

Figure 2-5. Hydrated Portland cement with pristine graphene nanoplatelets (Alkhateb et al. 2013)

Alkhateb et al. (2013) indicated that AFM can be used for graphene nanoplatelet cement
observation. In the paper, the authors exhibited some images of AFM obtained by them, e.g.,
Figure 2-5. The authors claimed that, in Figure 2-5a, a graphene platelet at the top-right corner is
identified, and the 3D phase image in Figure 2-5b confirms the graphene platelet is clearly

correlated with the hi-stiffness phase topography.

0 05 1.0 1.5 [um] 1.5 [um]

Figure 2-6. AFM images of the smallest lamellae of GO (Lv et al. 2013)
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Lv et al. (2013) also indicated that the AFM technique can be used to probe the products
of graphene oxidation and help to examine the obtaining of GO nanosheets suspension solution.
As shown in figures, the images indicated that single irregular lamella of GO is observed with a

size of 80 ~ 260 nm (Figure 2-6 a), and a thickness less than 8 nm (Figure 2-6 b).

2.7 RAMAN SPECTROSCOPY

In 1928, Sir C.V. Raman was awarded the Nobel Prize for discovering an effect which relies on
the fact that when light interacts with matter, the incoming wavelength shifted as vibrational
transitions are excited. This effect then is known as the Raman Effect (Zoubir, 2012). In the last
eighty years, the Raman Effect has been maturely developed to be applied in practice. Nowadays,

the Raman spectroscopy is an ideal tool to identify the molecules of interested materials.
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Figure 2-7. Raman spectra of dark particles of original concrete (PeSkova et al. 2011)
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PeSkova et al. (2011) presented research to study fired concrete by using Raman
spectroscopy. The specimens were placed in furnace at 1200 °C for 160 minutes. The mixture of
dicalcium silicate and gehlenite was found on the surface of heated concrete. Figure 2-7 showed

the Raman spectra of dark particles of original concrete.
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Figure 2-8. Comparison of Raman spectra between graphite and graphene (Ferrari et al. 2006)

Ferrari et al. (2006) used Raman spectroscope to study graphene and graphite. The
Raman spectrum is shown in Figure 2-8. The authors concluded that graphene's electronic
structure was uniquely captured in its Raman spectrum so that an unambiguous, high-throughput
and nondestructive identification of graphene was provided via the Raman spectroscopy
technique.

Scanning electron microscopy is another powerful "weapon™ to study the microstructure of
cementitious materials. The scanning electron microscope is particularly suitable for samples

with rough surface because of its far depth of field, high resolution and strong magnification
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ability. Furthermore, comparing to AFM, scanning electron microscopy does not need to
physically contact the specimen. In general, SEM has wider application than AFM in the

researches on cementitious materials.

Figure 2-9. SEM image of cement mixed with pristine graphene (Alkhateb et al. 2006)

Alkhateb et al. (2013) used SEM in their research to observe graphene in the cement. As
shown in Figure 2-9, SEM has identified a graphene platelet in the exfoliated pristine graphene-

cement specimens.

Figure 2-10. (A) no GO; (B) GO 0.01%; (C) 0.02%; (D) 0.03%; (E) 0.04%; and (F) 0.05% (Lv et al. 2013)
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Lv et al. (2013) also performed the SEM observation in their study. Figure 2-10 shows
the C-S-H crystal flower growing status of different specimens which were cast with different

graphene concentration.
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3.0 EXPERIMENTAL PROGRAM

In this chapter the details of the experimental program including experiment design, specimen

preparation, and experiment procedure, are reported.

3.1 EXPERIMENT DESIGN

A series of tests were performed in order to study the effects of normal graphene and oxidized
graphene on the cementitious material as well as the influence of different particle size on the
material. They included compression strength test, the Young's modulus and the Poisson's ratio
measurement, corrosion test and freezing & thawing test. For each type of test, the specimens
were divided into four experimental groups and one control group. In the four experimental
groups, the specimens were cast with the additive of C grade graphene particles (GC), C grade
oxidative graphene particles (GOC), M grade graphene particles (GM) and M grade oxidative
graphene particles (GOM), respectively. The specimens in the control group were cast by normal
mortar (N). The details of the graphene powder used will be given in the following section.
Because of the limitations of test conditions, equipment and materials, all of the graphene
specimens of the experimental groups were cast with the same graphene concentration which is
determined in the trail test. Thus, factor of graphene concentration is not concerned in the

experimental program.
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3.2 SPECIMEN PREPARATION

3.2.1 Graphene oxidation

In the Graphene oxidation, predetermined quantities of raw graphene (5g) and nitric acid (68%
300ml) were added into a round-bottomed glass flask, and the graphene was dispersed for 30
minutes in an ultrasonic bath. Next, the reaction flask equipped with a reflux condenser and
thermometer was mounted in the preheated oil bath with the temperature at 110~120 °C
(230~250 °F) for 24 hours. Then, the sample was filtered on a membrane filter and washed to a

neutral pH level. The experiment set-up is shown in Figure 3-1.

Figure 3-1. Graphene oxidation set-up
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Because the obtained oxidative graphene coagulates after drying, it was preserved in
deionized water. This led directly to the problem that the quantity of the oxidative graphene
could not be measured. To solve this problem, this oxidation experiment was repeated several
times to determine the weight reduction of the oxidative graphene during the process. Thus, the
amount of the obtained oxidative graphene could be roughly controlled by the amount of the raw
graphene added at the beginning. Before casting the specimen, the amount of oxidative graphene
still had to be measured for mix design. The measurement method is described in the following

section.

3.2.2 Materials and casting procedure

All specimens had a water/cement ratio of 0.53. The graphene content of the GC and GM
experimental groups were designed to be 0.1% (graphene/cement) which was determined in
section 3.3.1. The oxidative graphene content of the GOC and GOM experimental groups were
also designed to be 0.1% (graphene/cement). The mix design used for all the specimens is shown
in Table 3-1.

The GC (XxGnP® Graphene Nanoplatelets Grade C) and GM (XGnP® Graphene
Nanoplatelets Grade M) were procured from XG Sciences, Inc. Grade C particles typically
consist of aggregates of sub-micron platelets that have a particle diameter of less than two
microns and a typical particle thickness of a few nanometers. The average surface areas of Grade
C particles are 500 m?/g. Grade M particles have an average thickness of approximately 6 to 8
nanometers and a typical surface area of 150 m?/g. The average particle diameter of Grade M is
15 microns. (XG Sciences, 2013) The other specific characteristics of GC and GM are
documented in Appendix B1.
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For the GC and GM experimental groups, the graphene particles were dispersed in a cup
for 30 minutes with water reducer. The water reducer was necessary because graphene particles
could not be dispersed well in the water without water reducer. The graphene particles aggregate
quickly after being removed from the dispersing sink. The mass ratio of graphene to water

reducer is 1:5, which was determined based on trial tests.

Table 3-1. Mix design for tests

Graphene Mix Percentage
Content Cement Sand Water
N 0%
GC
GM 30.22% 53.33% 16.44%
0.10%
GOC
GOM

The GOC and GOM were obtained by the method mentioned in section 3.2.1. The GC
and GM used for oxidation are the same as the GC and GM which were added in the GC and
GM experimental groups. In the oxidation process, 10g GC and 10g GM were used for the
oxidation process. Before the specimen casting, a small amount of oxidative graphene with water
were taken out from the preserving container. This small amount of oxidative graphene with
water was weighed and then dried off to determine the graphene/water ratio which would be
used to calculate the actual oxidative graphene content. All the results are shown in Table 3-2.
For GOM and GOC, all of the mixtures were also dispersed for 30 min in an ultrasonic bath. It is
worth mentioning here that water reducer was not added in with GOC and GOM because the

oxidative graphene particles can be dispersed well in the water without additional additive.
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Table 3-2. Oxidative graphene content

Divided Mixture Total Mixture
Total Graphene Total Graphene
GOC 3.5769 0.0825 400 9.2258¢
GOM 3.6382 0.0554 568 8.6491g

Then the specimens are ready to be cast. The dispersed graphene particles were added
into the water. Note: the total water content follows the mix design. The cement and sand were
premixed in the mixer, and then water and graphene were added in. The used cement is Type |
Portland cement. The fineness modulus of the used sand is 2.557. The sand sieve data is
documented in Appendix B3. The mixture was mixed in the mixer for 20 minutes and manual
mixed during the procedure to disintegrate some agglomerations. After casting the material in the
mould, the samples were vibrated for 5 minutes. Before de-molding, all the specimens sat for 24
hours with polyethylene film covering on the surface to prevent moisture loss. Every specimen
was cured in the moisture chamber (23°C, 100% humidity) for 28 days before the further use.

The composition of all the specimens is shown in Table 3-3.

Table 3-3. Specimen composition

Weight(g)
Name Graphene R\Qﬁi;r Cement Sand Water
N 0 0
GC 9.2276 50
GM 9.2276 50 9227.6 16284 5020.9
GOC 9.2258
GOM 8.6491 0
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Figure 3-2. Casting procedure (a) cement and sand; (b) graphene with water; (c) mixer; and (d) specimen vibration

A total of 5 batches were cast, labelled as N, GM, GC, GOM and GOC based on
graphene particle used. Each batch has 3 cylinders, 12 cubes and 3 beams. Other specimen

information is shown in Table 3-4.

Figure 3-3. Specimens (1 batch): (a) fresh cast specimens and (b) 28-day cured specimens
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Table 3-4. Specimen casting information

Specimen Volume(Liter)

Name | 1640 | 0125 | L1715 \\//gn?rlr?e V%?ltfmhe V%:fgﬂt
Cylinder Cube Beam

N

GC

GM 3 12 3 1157 L° | 12.72L° | 30.53 kg

GOC

GOM

3.3 TESTING

3.3.1 Trial tests

3.3.1.1 Compressive strength trial

In order to determine the graphene content in the experiments, a series of trial tests were
performed before the formal experiments. Several specimens were cast and tested for
compressive strength by using the TEST MARK CM4000 compression machine. All of the
specimens have the same mix proportion as mentioned in section 3.2.2, except the graphene
content. There are 7 groups of specimens with different graphene content for GC and GM. The
graphene content of these 7 groups of specimens are 0%, 0.1%, 0.2%, 0.4%, 1%, 2% and 4%,
respectively. The specimens are 5cm x5¢cm x 5¢m in size. Each group has 5 specimens except
the 1% and 4% graphene content groups. Because of the material availability, here only one

specimen was cast for the 1% and 4% groups. The tests results are shown in Table 3-5.
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The results reveal that, for the GC specimens, the strength enhancements of all the
graphene additive specimens are about 10% higher than normal mortar. The strength
enhancement is relatively higher when graphene content is 0.2% and 1%. Among the GM
specimens, ones containing the 0.2% graphene content have the highest compressive strength.
When the graphene content is 2% and 4%, the strength of the specimens is less than the normal
mortar specimens. Considering the material availability and the trial tests results, the 0.1%

graphene content is chosen for the formal experiments.

Table 3-5. Compressive strength trial test results

Name Graphene Content
0% 0.1% 0.2% 0.4% 1% 2% 4%

Specimenl | 22400 22380 23810 | 21250 20740
Specimen2 | 22270 22320 25090 | 22390 | 22760 20410 21240

GM Specimen3 | 20510 21760 23460 | 24550 20120
Average | 21726.67 | 22153.33 | 24120 | 22730 | 22760 | 20423.33 | 21240
Strength Comparison 1.96% 11.02% | 4.62% | 4.76% -6.00% | -2.24%

Specimenl | 22400 25140 26000 | 23410 24100
Specimen2 | 22270 24430 23480 | 23610 | 24980 24850 24620

GC Specimen3 | 20510 24260 25350 | 24320 23680
Average | 21726.67 24610 | 24943.33 | 23780 | 24980 24210 24620
Strength Comparison 13.27% 14.81% | 9.45% | 14.97% | 11.43% | 13.32%

3.3.1.2 Water absorption trial test

The water absorption trial tests of some specimens were also performed before the formal
experiments. After compressive tests, some broken specimens were smashed into small pieces to
make sure internal cracks did not exist. All the loosened particles were also eliminated from the

specimen surfaces. Before being put in the drying chamber for 48 hours, all of the samples were

24



submerged in the water for 24 hours and then were wiped to surface dry condition and then

weighed and marked. After drying, the specimens were weighed again, and the results are shown

in the Table 3-5.

Table 3-6. Water absorption strength trial test results

Graphene Content N GC GM GOC GOM
0% 12.70%
0.1% 12.80% | 13.20% | 12.80% | 12.70%
0.2% 12.30% | 12.10%
0.4% 12.40% | 12.70%

Concerning the results, the water absorption ability of all the samples showed no

significant difference. The detailed test results could be found in Appendix Al.

3.3.2 Compressive strength test and Young's modulus & Poisson's ratio measurement

3.3.2.1 Introduction
Compressive strength, Young's modulus and Poisson's ratio are the basic parameters for
cementitious materials. In structural engineering, cementitious materials are always designed to
work under compression, and therefore the compressive strength is the key factor for a new
cementitious material. In addition, the Young's modulus and Poisson's ratio are necessary in
describing the mechanical property and prediction of the material behavior during the service.
Thus, this test was designed to compare the difference on the three material properties between
normal mortar and graphene reinforced mortar.

Here the specimens are cast in the shape of cylinders according to ASTM Standards. The

size is 10.16cm in radius and 20.23cm in height. Each group has three specimens, and all the
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specimen were cast by the method which is described in the section 3.2.2 and were cured for 28

days.

3.3.2.2 Apparatus
The apparatus for this test are the Concrete Elastic Modulus Meter and the TEST MARK

CM4000 compression machine which are shown in Figure 3-4 (a) and (b).

Figure 3-4. Apparatus for compressive strength test and Young's Modulus & Poisson's Ratio measurement: (a)

Concrete Elastic Modulus Meter, (b) TEST MARK CM4000 compression machine

3.3.2.3 Test setup and procedure
The Concrete Elastic Modulus Meter is fixed on the specimen surface. The loading rate of the
TEST MARK was set to 440 Ibs/s based on the ASTM standard.

Before the formal test, a trial-test was carried out on one specimen of the N group to

determinate the probable compressive strength. The test process for other specimens is divided
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into three sequential steps. The first step is to preload to 10% of the compressive strength which
is estimated by the trial-test. All the loads were removed once the 10% of the compressive
strength was reached. The purpose of this step is to make sure the compression platforms have
full contact with the specimen. The second step is load to 40% of the compressive strength. All
the loads were removed once 40% of the compressive strength was reached. During this step, the
longitudinal and transverse dial gage readings were recorded as well as the corresponding
compressive force which is obtained from the loading machine. The Elastic Modulus Meter was
un-mounted from the specimen after this step. In the last step, the specimens were reloaded until
they were failed. The highest compressive forces were recorded for the compressive strength
calculation.

The stress was calculated as follows:

S=_
A

where: S is stress; P is applied load; and A is cross-sectional area of the cylindrical
specimen.

The strain was calculated as follows:
=gl /L,
where: ¢ is strain; g is the longitudinal dial gage reading; L, is the length of the tested
area; and 1 is the reduction coefficient. Here, 1=0.5.

The Young's modulus was calculated as follows:

S2_81

—— 22" %__ (ASTM C469)
&, —0.000050
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where: E is chord modulus of elasticity, MPa; S, is stress corresponding to 40% of
ultimate load; S, is stress corresponding to a longitudinal strain, ¢, of 50 millionths, MPa; and
&, is longitudinal strain produced by stress S, .

The Poisson's ratio was calculated as follows:

U= € " 6u
&, —0.000050

(ASTM C469)
where: u is Poisson's ratio; ¢, is transverse strain at midheight of the specimen

produced by stress S,; &, is transverse strain at midheight of the specimen produced by stress

S,;and ¢, is longitudinal strain produced by stress S, .

3.3.3 Water absorption test

3.3.3.1 Introduction
The water absorption ability could generally reflect the porosity of the specimens. The porosity
of cementitious material is closely related with compressive strength, corrosion resistance, frost-

resistance and other material properties.

3.3.3.2 Apparatus
The water absorption test does not require sophisticated instrumentation. Only some containers
are needed for soaking the specimens. Besides, the drying chamber is needed to dry the

specimens.
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3.3.3.3 Test setup and procedure
All the specimens were obtained from the compressive test which was presented in section 3.3.2.

The test setup and procedure is the same as the test which was mentioned in section 3.3.1.2.

3.3.4 Freezing and thawing test

3.3.4.1 Introduction
The freezing and thawing test is carried out here to investigate the frost resistance of the
graphene reinforced material. The parameters which were monitored during the process are the
specimen length and weight. The test procedure, test setup and test instruments were designed
based on the ASTM C666/C666M with some slight modifications according to the restrictions
on experimental equipment and materials. This test is still considered to be valuable and
objective because the conclusions and discussions of this test are based on comparing the
differences between the experimental groups and the control group.

The specimens are cast in the shape of beams with size = 7cm x 7cm x 35cm. Every
group has three specimens, and all the specimens were cast by the method which was described

in the section 3.2.2 and were cured in the moisture chamber for 28 days.

3.3.4.2 Apparatus

As shown in Figure 3-5, the equipment for the freezing and thawing test includes a 150cm (L) x
75cm (W) x 30cm (H) water container, a GE 7.0 cubic ft. chest freezer and an electronic
thermometer. An electronic scale and an electronic slide caliper with calibrated precision were

also used for this test.
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Figure 3-5. Apparatus for freezing and thawing test: (a) water container and (b) chest freezer

3.3.4.3 Test setup and procedure

After cured in the moisture chamber for 28 days, the specimens were taken out and drilled with a
hole (1cm in depth, 0.2cm in radius) at the center of each end (Figure 3-6). The prepared
stainless steel rods that were around 2cm in length were inserted into the holes and fixed with

epoxy resin. The specimen configuration is shown in Figure 3-7.

Figure 3-6. Stainless steel rods embedded in the end
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The freezing and thawing test includes 300 cycles. Each cycle contains two phases:
freezing phase and thawing phase. For every cycle, the freezing phase was performed before the
thawing phase. All of the specimens were weighed and measured before the test cycles begin.
For every 26 cycles, each specimen was wiped to surface dry to weigh and measure for length
with the electronic scale and the electronic slide caliper, except the last cycle which has only 14
cycles. The specimens were weighed and measured for 13 times and all the experimental data

was recorded with the dates.

7.0em -

35.0 cm

Figure 3-7. Specimen configuration

In freezing phase, the specimens were standing straight up in the chest freezer. In order to
make sure all of the specimens contact with the cold air, some wood battens were placed on the
bottom of the freezer, as shown in Figure 3-8. Because the temperature in the freezer is not
uniform from the top to the bottom, the specimens were placed on each end by turns. Thus, a "x"
symbol was marked on one end of every specimen (Figure 3-8). For the purpose of improving
the stability of the temperature in the freezer, several bottles of water were placed in the freezer 3
days before the test. These bottles of water were frozen into ice in two days and were preserved
in the freezer during the whole test. Their significant heat capacity could help to achieve constant

temperature during the freezing. Based on several trial tests in which the temperature in the
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freezer was measured by the electronic thermometer, the temperature of the specimens in the
freezer would reach 18+ 1 °F in two hours. As a result, the specimens were placed in the freezer

for 5 hours during the freezing phase.

Figure 3-8. Freezing phase setup

In the thawing phase, the specimens were laid down in the water container which was
filled with saturated calcium hydroxide solution. The three specimens of the same group were
laid in one stack and were separated by 3 wood blocks, as shown in Figure 3-9. The wood blocks
were placed to make sure all of the specimens were fully contact with the solution in the
container. In the thawing process, all of the specimens were immersed in the solution for 2 hours.

The temperature of the solution is varied from 20 °F to 32°F.
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Figure 3-9. Thawing phase setup

In the thawing phase, the specimens were laid down in the water container which was
filled with saturated calcium hydroxide solution. The three specimens of the same group were
laid in one stack and were separated by 3 wood blocks, as shown in Figure 3-9. The wood blocks
were placed to make sure all of the specimens were fully contact with the solution in the
container. In the thawing process, all of the specimens were immersed in the solution for 2 hours.
The temperature of the solution is varied from 20 °F to 32°F.

The weight change in percent was calculated as follows:

w="W 100
Wl

where: W, is weight change of the test specimen after C cycles of freezing and
thawing, %; w; is weight of test specimen at O cycles; and w, is weight of test specimen at C

cycles.
The weight change in percent was calculated as follows:

L, =ﬂx100
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where: L, is weight change of the test specimen after C cycles of freezing and
thawing, %; |, is measured length between 2 stainless steel rods of test specimen at 0 cycles; and

I, is measured length between 2 stainless steel rods of test specimen at C cycles.

3.3.5 Corrosion test

3.3.5.1 Introduction
In practice, the corrosion is one of the most common reasons for the destruction of concrete
structures, especially for reinforced concrete structures. The reinforcing steel bar inside the
concrete is susceptible to corrosion effect which lowers its strength level. However, the concrete
protective layer can effectively reduce the probability of corrosion of the internal steel bar.
Therefore, the corrosion resistance of concrete in reinforced concrete structures is particularly
important. This test is designed to investigate the corrosion resistance difference between normal
mortar and cementitious material reinforced by graphene.

The test method in this research is designed based on the study of Schneider and Chen
(2004). The specimens are cast in the shape of cube with size of 5cm x 5cm x 5¢cm. Each group

has 3 specimens. All of the specimens were cast by the method mention in Section 3.3.2.

3.3.5.2 Apparatus

As shown in Figure 3-10, the equipment used in this test includes a small water container which
has dimensions of 50cm (L) x 30cm (W) x 20cm (H) and the TEST MARK loading machine.
The chemical agents include ammonium nitrate, sodium hydroxide, phenolphthalein and

formaldehyde. All of these chemical agents were procured from Fisher Science Inc. To do the
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acid-base neutralization titration and adding the solute, a burette and several beakers were also

needed.

Figure 3-10. Agents for corrosion test: (a) 15% ammonium nitrate solution; (b) ammonium nitrate; (c) burette; and

(d) sodium hydroxide solution, phenolphthalein and formaldehyde (from left to right)

3.3.5.3 Test setup and procedure

The highest ammonium nitrate concentration of the corrosion solution is 10% in Schneider and
Chen's (2004) research. Based on this, the concentration of ammonium nitrate in this study was
set to 15%. All of the specimens were directly immersed in 15% ammonium nitrate solution after
28 days curing. The specimens were taken out from the solution to do compression test after
corrosion for 1 month, 3 months and 5 months.

The stress of specimen was calculated as follows:
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o
where: S is stress; P is applied load; and A is cross-sectional area of the cube specimen.
To maintain the concentration of ammonium nitrate of the solution, the concentration was
tested by acid-base neutralization titration and the ammonium nitrate was added into the solution

if the observed concentration is too low. The acid-base neutralization titrations were performed

as the following steps:

1. Make 2.5 mol/L NaOH solution standby for the further step.

2. Take 25 mL NH4NO3 solution from the specimen container and keep in a beaker.

3. Add 17 mL formaldehyde into the beaker.

4. Add 2 drops of phenolphthalein into the beaker.

5. Use burette to add the NaOH solution into the beaker till the solution change to
red. Swirl the beaker after every few drops to mix well.

6. Read the Burette and calculate the concentration.

The titration records and the records of adding solute can be found in Appendix A2
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4.0 EXPERIMENTAL RESULTS AND DISCUSSION

This chapter reports the experimental records and results of the tests which are described in

chapter 3. The discussions of these results are also reported in this chapter.

41 COMPRESSIVE STRENGTH TEST AND YOUNG'S MODULUS & POISSON'S

RATIO MEASUREMENT

41.1 Results

The compressive strength, Young's modulus and Poisson ratio test records, calculations and
results are reported in the following sections. All of the results are calculated based on the
ASTM C39 (Compressive Strength of Cylindrical Concrete Specimens) and ASTM C469 (Static
Modulus of Elasticity and Poisson's Ratio of Concrete in Compression). The following tables
and figures are the test result summaries. The test records and calculations are shown in

Appendix A3.
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Table 4-1. Compressive strength results

Compressive Strength (Mpa)

Name Average Min Max %
N 34.59 31.37 | 37.53
GM 38.55 37.64 | 3955 | 11.5%
GC 41.48 38.93 | 43.17 | 19.9%

GOM 39.14 3794 | 41.39 | 13.2%

GOC 38.10 37.05 | 38.86 | 10.2%

Compressive Strength

-

I 3855

39.14 I
38.10

3459

GM GC GOM GOC

Figure 4-1. Compressive strength results

Table 4-2. Young's modulus results

Young's Modulus (Gpa)

Name Average Min Max %
N 17.00 16.97 | 17.02
GM 16.51 16.06 | 16.88 | -2.9%
GC 17.68 17.20 | 17.97 4.0%

GOM 16.98 16.86 | 17.11 | -0.1%

GOC 17.39 1733 | 17.44 | 2.3%
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Young's Modulus
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Figure 4-2. Young's modulus results
Table 4-3. Poisson's ratio results
Poisson ratio
Name | Average Min Max %
N 0.1595 0.1543 | 0.1646
GM 0.1626 0.1615 | 0.1646 2.0%
GC 0.1682 0.1572 | 0.1753 5.5%
GOM 0.1555 0.1446 | 0.1677 | -2.5%
GOC 0.1761 0.1750 | 0.1772 | 10.4%
Possionratio
0.1761
01682
01626
01585
0.1555
M G GC GOM GOC

Figure 4-3. Poisson's ratio results
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4.1.2 Discussion

During the casting process of the trail tests and the formal tests, the graphene particles exhibit the
remarkable capacity to influence the liquidity and workability of cement paste. The graphene
particle additive mortar is more viscous than the normal mortar. This could be considered
evidence that the graphene nanoplatelets consumed the water in the cement composite because of
their high surface area.

The results of the compression strength test reveal that the strength increase of the GC
experimental group, about 20% compared to the control group, is higher than the other
experimental groups (Figure 4-1 and Table 4-1). In addition, the compressive strength of the
GOM group is 13.2% higher than that of the control group. The compressive strength increase of
the GM and GOC experimental groups are all about 10% compared to the control group.

As shown in Figure 4-2 and Table 4-2, the Young's modulus' results also show a similar

pattern. From the results, the Young's modulus of all the specimens are both 17.0+1.0 Gpa.

Thus, to some extent, the Young's modulus of the experimental groups can be regarded as not
having big differences. It is worth noting that, compared to the normal mortar group, the Young's
modulus of GC group is the highest in the experimental groups. As calculated in Table 4-2, the
Young's modulus of the GC group is 4% higher than the N group.

In the results of Poisson's ratio (Figure 4-3 and Table 4-3), the GOC group shows the
highest value (10.4% compared to the normal cement). In addition, the variation range of value

of three specimens of GOC group is smallest.
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42  WATER ABSORPTION TEST

4.2.1 Results

The results of water absorption test could be found in Table 4-4 and Figure 4-4.

Table 4-4. Water absorption results

Name S(_)aked 48 hrs Dry Water
Weight (g) | Weight (g) Content
73.1 64.8 12.8%
914 81.1 12.7%
N 66.9 59.2 13.0%
72.6 64.5 12.6%
Average 12.8%
90.9 80.4 13.1%
915 80.8 13.2%
GM 81.7 72.1 13.3%
49.7 43.8 13.5%
Average 13.3%
72.3 64.3 12.4%
106.1 95.5 11.1%
GC 66.3 59.1 12.2%
88.9 79.4 12.0%
Average 11.9%
81.3 72.1 12.8%
79.9 70.6 13.2%
GOM 62.1 55.0 12.9%
37.2 32.9 12.9%
Average 12.9%
97.6 86.6 12.7%
97.2 86.2 12.8%
GOC 725 63.9 13.5%
79.1 70.0 13.0%
Average 13.0%
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Figure 4-4. Water absorption results

4.2.2 Discussion

As shown in Figure 4-4 and Table 4-4, the water content of GC groups is 11.92%, which is the
lowest value of all the experimental groups. The water content percent of other experimental
groups are both around 13%, and the GM group has the highest water content (13.27%). This
result reveals that, the porosity of the specimen is reduced because the presence of the C grade
graphene nanoplatelets. By comparing the GC with the GM experimental groups, it is found that
the grade C graphene is more effective than the grade M graphene on reducing the porosity.
Furthermore, the comparison between GM and GC experimental group is not affected by water

reducer, because the water reducer content is same in the GC group and GM group.
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43 FREEZING AND THAWING TEST

4.3.1 Results

The test results summary is shown in the following figures. The detailed test records and

calculations of each specimen can be found in Appendix A4.

Weight Change Percentage
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—G0OM2
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-1.2% —GOC3

-1.4%

Figure 4-5. Weight change percentage of all the specimens
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Figure 4-6. Average weight change percentage all the groups
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Figure 4-7. Length change percentage of all the specimens
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4.3.2 Discussion

In this test, the weight change is monitored during the freezing and thawing cycles. For the GC
group, the specimens' weight increased at the first 130 cycles and decreased at the last 170 cycles.
The GOC group also shows the similar weight change record; however, the weight growing

phase of the GOC group (100 cycles) is shorter than this of GC group. Besides that, the extent of

Average Length Change Percentage

. 4
=

== GM
GC

e GOM

GOC

Figure 4-8. Average length change percentage of all the groups

weight growth of the GOC group is less than GC group.

Except the GC and the GOC group, the weight of the GOM, GM groups and the control

group are both decreased from the beginning. Among these three groups, the weight decrease of

the GOM group is the smallest.

45



The behaviors of the specimens' length were similar with the specimens' weight. The
percentages of length change of all the specimens are within 0.07%, except for the GC group, for
which the length increase reached 0.15% at the last cycles. The behaviors of increase are found
both in the GC and the GOC groups. But the amplitude of length increase of the GOC group is
less compared to the GC group. The largest length change of the GC group is 0.61 mm, while the
other specimens are around 0.2 mm.

On the other hand, the GOM group shows the lowest length change during the freezing
and thawing cycles. The average length change of the GOM group is within -0.04%. The
calculated results of weight and length change percentages can be found in Appendix A3.

The weight increase in the freezing and thawing test is considered as an abnormal
behavior. During the freezing and thawing cycles, the calcium hydroxide cannot cause the
weight gain because the concentration of calcium hydroxide inside the specimens is much higher
than that in the solution. The concentration of calcium hydroxide inside the specimens is high
because the calcium hydroxide is the main product of cement hydration. Therefore, the only
possibility for the weight gain of the GC and GOC groups is that water is preserved inside the
specimens. In the weight measurement, all of the specimens were only wiped to surface dry.
Thus, the weight of water inside the specimens was included in the results. Furthermore, the
spalling of specimens was rarely observed during the freezing and thawing cycles. Therefore, the
GC group showed the weight increase at the first 130 cycles.

It is also possible that the water preserving ability of the GC and GOC groups increased
because the internal tension cracks emerged. This conjecture is confirmed by the results of length
change. The length increase is generally considered as a sign of developing of tension cracks.

Actually, the ASTM standard says that if the expansions of the length exceed 0.1%, it means the
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specimen failed to meet the requirement of the frost resistance. Thus, the performance of the GC
group in the freezing and thawing test is the worst.

Nevertheless, compared to the other groups, the GOM group showed the best
performance in the freezing and thawing cycles. The weight loss of the GOM group is lower than

the GM and N groups; the length change percentage of it is the smallest among all the groups.

44  CORROSION TEST

441 Results

The test results summary is shown in Table 4-5 and Figure 4-9. The detailed test records and

calculations can be found in Appendix A5.

Table 4-5. The average compressive strength test records of the N group

Stress(psi) N GC GM GOC GOM
28 Days | 6263.33 | 6827.50 | 6122.50 | 6234.17 | 6592.50
Corrosion
forl 6546.67 | 6677.50 | 6315.83 | 6403.33 | 6166.25
month
Corrosion
for 3 5629.17 | 5538.33 | 5275.83 | 5555.00 | 5951.25
months
Corrosion
for 5 4885.00 | 5429.17 | 4410.83 | 4723.33 | 4950.00
months
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Corrosion Test Results
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Figure 4-9. Average relative length of all the groups

4.4.2 Discussion

Through observation, no obvious corrosion signs were found in the specimen surface in the first
month of the corrosion test. In the third month of corrosion test, some crystalline substance was
found on the surface of the specimens. In the last two month, some tiny cracks appeared on the
specimen surface. The broken specimens of every compression test were tested by
phenolphthalein. The alkaline substance which can turn phenolphthalein to red was reduced
during the testing period. As shown in Figure 4-10, the depth of the ammonium nitrate attack
was increased as time went on. In the first month, the attack depth was about 0.3 cm. and it
increased to 1.5~2.5 cm after 3-months of corrosion. Finally, the ammonium nitrate almost

penetrated the whole specimen.
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Figure 4-10. Specimens tested by phenolphthalein: (2) corrosion for 1 month; (b) 3 months; and (c) 5 months

The corrosion test result shows that the compressive strength of all the specimens is
weakened after 5-month corrosion. In the first month, the strength of the GC and GOM groups
dropped down while strength of the other groups rose up. In the second month and the third
month, the strength of all the specimens dropped down; furthermore, the dropping rate of the GC
group was the highest, and that of the GOM group was the lowest among all the other groups.
However, in the last two months, the strength dropping rate of the GC group was much lower
than the other groups. The results of the final compression test show that the compressive
strength of the GC and GOM groups is higher than the control group, while that of the GOC and
GM groups is lower than the control group.

The conclusion made by Lv et al. (2013) in their research may be used to explain the
specimen behavior in the corrosion test.

It is generally known that the mainly hydrates of hardened Portland cement are C-S-H
(3Ca0-2Si0,-4H,0), calcium hydroxide (Ca(OH),), ettringite (6Ca0-Al,03-3S03-32H,0) and
calcium aluminum sulfate hydrate (4CaO-Al,03-SO3-12H,0). Chen and Lei (2003) indicated
that NH4NOj3 reacts with Ca(OH), and CaO of hydrates of Portland cement so that to damage the
composite structure of harden Portland cement. The reaction formulas are shown as follow:

Ca(OH), + NHsNO; — Ca(NO3), + NH31 + H,0
Ca0 + NH4NO3; — Ca(NOs), + NHa? + H,0
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Lv et al. suggested that the graphene reacts with Portland cement. They also indicated
that ettringite is less prevalent in the hydrates because of the reaction between graphene and
cement. Lv et al. also concluded that the reaction between graphene and Portland cement is an
endothermic reaction which can reduce the thermal cracks during the hydration process,
enhancing the strength of the specimen.

Based on this, the reasonable speculation is: the ettringite in the GC group's specimens is
less than the other specimens because the GC group shows the highest compressive strength in
section 4.1.1. Therefore, the strength dropping rate of the GC group is slightly faster than the
other groups in the first three months. Another conjecture is GC can accelerate the hydration
process during the 28-day curing. Thus strength of GC group dropped down at the beginning of
the corrosion; while the strength of the other groups slightly grew up because of the continuous
hydration.

Chen and Lei (2003) also indicate that the reaction product Ca(NOg3), can continuously
react with Ca(OH),, producing Ca(NOs),-H,O which is a large crystal. The growth of this crystal
inside the microcracks and cavities of hardened Portland cement can cause expansion stress so
that to further damage the cement. Therefore, the GC group which has fewer microcracks
resisted the corrosion better than the other groups, so that the GC group exhibited the highest

compressive strength at the end.
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5.0 MICROSCOPIC PROBE

This chapter shows the microscope observations of the cementitious material samples. The
microscopic approaches include atomic force microscope (AFM) observation, Raman
spectroscopy test and scanning electron microscope (SEM) observation. This chapter also

discusses the results of these probe methods.

5.1 SPECIMEN PREPARATION

5.1.1 Specimen casting

The specimens for microscopic observation were both cut from broken pieces of the compression
test, as describes in section 3.3.2. The broken pieces were cut into small blocks with dimensions:
10mm (L) X 5mm (W) X 5mm (T). Each sample was polished by the 150 grade sand paper to
smoothen the surface. Every group has one sample. All of the polished samples were cast in the
plastic rings with epoxy resin and then were dried in the drying chamber for 24 hours. As shown
in Figure 5-1, three samples were cast in the same ring so that to reduce the polishing workload

in the next step.
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Figure 5-1. Microscope observation samples

5.1.2 Specimen polishing

After drying, all of the specimens were polished by the 300, 600 and 1200 grade abrasive paper
in turns. The cast epoxy and the outside ring were polished together. At the final step, each
specimen was polished with polishing machine to make sure there were no tiny scratches on the
specimens' surface. The polishing paste and disk that were used in this step were procured from

Struers, Inc. (Figure 5-2)

Figure 5-2. Polishing paste and disks
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52 ATOMIC FORCE MICROSCOPE OBSERVATION

5.2.1 Test instrumentation and setup

The device used for this test is the Veeco Manifold Multimode V& Dimension V scanning probe
microscopy (Figure 5-3). By combining the Multimode VV SPM and the Dimension V SPM with
several advanced application modules, the manifold SPM combination offers atomic force
microscopy observation. (PINSE, 2014) The tapping mode was used in the test and the scan rate
is set to 0.5 Hz. The samples used in this test were prepared by the method that mentioned in

section 5.1.

Figure 5-3. Atomic force microscope (PINSE, 2014)
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5.2.2 Results and discussion

The images obtained by the AFM of all the samples are shown in Figure 5-4~8. The scan areas

of N, GC and GM samples are 2.0 um. The scan areas of GOC and GOM samples are 300 nm.

2 ‘. il um
4

Figure 5-4. The N sample's image obtained by AFM

Figure 5-5. The GM sample's image obtained by AFM
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Figure 5-6. The GC sample's image obtained by AFM

Figure 5-7. The GOM sample's image obtained by AFM
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Figure 5-8. The GOC sample's image obtained by AFM

These images were obtained from AFM by scanning the interested points on the
specimen surface. The interested points were black particles or with other features that graphene
was possibly embedded.

Based on the research of Alkhateb (Alkhateb et al. 2013), the variation in the C-S-H
distribution and packing could be disturbed because of the presence of the graphene
nanoplatelets. More specifically, the surface of graphene should be smoother than that of C-S-H.
However, from the results of this test, the surfaces of all the samples are both exhibit a relatively
coarse topography, except the images of GC sample. Even though the topography in the image is
relatively flat and smooth as shown in Figure 5-6, the conclusion cannot be determined that
graphene is embedded in the observed surfaces. Therefore, before the AFM observations, other

approaches should be performed to roughly locate the graphene particles.
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53 RAMAN SPECTROSCOPY TEST
5.3.1 Test instrumentation

As shown in Figure 5-9, the Renishaw inVia Raman microscope is used in this test.

k4

Figure 5-9. Renishaw inVia Raman microscope (PINSE, 2014)

5.3.2 Results and discussion

In this test, the pristine GM and the sample of GM was tested. Figure 5-10 shows the results of
pristine GM. The peak waves of Raman shift are presented around 1600 cm™ and 2600 cm™.
This result is similar to the Raman spectroscopy of GM which is provided by XG Sciences, Inc.
Because the particularity of graphene Raman spectrum, the location of the graphene can be
determined by the following steps. First, use optical microscope to roughly locate a point that
may be graphene particles on the sample's surface. Secondly, induce the red laser to precisely
locate the interested point on the sample. Next, perform Raman spectrum scan and analyze the
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results. If the results exhibit peak waves around 1600 cm™ and 2600 cm™ (Figure 5-11), it means
this point should be graphene. Finally, record the optical microscope image (Figure 5-12) with
the Raman spectroscopy results. Some Raman spectroscopy images obtained in this test can be

found in Appendix B2.
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Figure 5-10. Raman spectroscopy observation results of GM
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Figure 5-11. Raman spectroscopy results of GC cement sample

Figure 5-12. Optical microscope image of GC cement sample
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After locating the graphene particles on the surface, other microscope observation is
possible to find the graphene and to study the interface between graphene and cement paste. For
example, when perform AFM, the graphene location can be found by the integrated optical
microscope of AFM, then be scanned. Figure 5-13 is an image obtained by AFM after Raman
spectroscopy location. The scan area is the same with the area exhibits in Figure 5-12. From this

AFM image, a graphene platelet at the low-right corner is identified.

Figure 5-13. AFM images of GC simple after Raman spectroscopy location

59



54  SCANNING ELECTRON MICROSCOPE OBSERVATION

5.4.1 Test instrumentation

The low vacuum scanning electron microscope (SEM) was used in this test (JEOL JSM-

6510LV/LGS), shown in Figure 5-14.

Figure 5-14. JEOL JSM-6510LV/LGS scanning electron microscope (PINSE, 2014)

5.4.2 Results and discussion

Figure 5-15 is an image of the GC samples obtained by SEM. The suspected GC is shown at the
top-centre. Around this particle, some crystalline substances were found, which is speculated to
be C-S-H. The magnified image of this area is shown in Figure 5-16. This crystalline structure is

similar with the crystalline flower that is mentioned by Lv et al. (2013).
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Figure 5-16. SEM images of GC sample
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6.0 SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

6.1 SUMMARY

This research presented a series of experiments to investigate the properties of cementitious
material which is reinforced by graphene nanoplatelets. All the specimens were casted and cured
based on the ASTM C192/C192M "Standard Practice for Making and Curing Concrete Test
Specimens in the Laboratory". The curing time of all of the specimens was 28 days.

In the compressive strength and Young's modulus & Poisson's ratio test, a total of fifteen
specimens were tested based on ASTM C469/C469M "Standard Test Method for Static Modulus
of Elasticity and Poisson's Ratio of Concrete in Compression”. The broken pieces were used to
determine water absorption by measuring soaked weight and dry weight.

The freezing and thawing tests were also performed in this research. Every specimen was
experienced 300 freezing thawing cycles. The mass weight loss and specimen length were
measured each 26 cycles. The test procedure and condition were designed and modified based
upon ASTM C666/C66M "Standard Test Method for Resistance of Concrete to Rapid Freezing
and Thawing".

A total of 60 specimens were tested in corrosion experiment. After curing for 28 days,

every specimen is placed in 15% ammonium nitrate solution for 5 months. The first 15
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specimens were tested for 28-days compressive strength. Each 15 specimens were tested at 1

month, 3 months and 5 months corrosion period.

To explore the mechanism of mechanical properties enhancement caused by graphene,

the atomic force microscopy, Raman spectroscopy and scanning electron microscopy

observation were performed.

6.2 CONCLUSIONS

Based on the literature review and the test results, the conclusions are made as follows:

1.

The GC, GOM, GM and GOC can improve the compressive strength of cementitious
materials. The compressive strength of them is 19.9%, 13.2%, 11.5% and 10.2% higher
than the normal mortar, respectively.

The GC can effectively improve the water preserving ability of cementitious materials
and thus it will weaken the frost resistance of harden Portland cement, whereas the GOM
can slightly improve the frost resistance of cementitious materials.

The corrosion resistance of cementitious materials within 5 months can be boosted by the
GC and GOM, while this can be weakened by the GM. From the current experimental
data, the GC and GOM are more likely to raise long-term acid corrosion resistance of
concrete.

Nitric acid oxidation of graphene nanoplatelets on improving the cementitious material
strength is not as good as expected. However, the oxidation treatment is necessary
because it can mitigate the detrimental effect of plain graphene particles on frost

resistance of cementitious materials.
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The performance of the GOM group is best among all the experimental groups, by
comprehensive consideration of all the experimental results

The Raman spectroscopy observation is powerful when locating graphene nanoplatelets
in the cement surface. It can help the researchers to locate the graphene in AFM
observation to make the images obtained in AFM are more credible rather than only

judging the existing of graphene by topography.

6.3 RECOMMENDATIONS

This research is presented with limited experimental conditions and materials. It can be improved

in several aspects. In addition, the mechanism of improvement of cementitious material caused

by graphene is still unclear. Thus, the further studies are needed. There are some

recommendations for the future studies:

1.

The small size graphene nanoplatelet exhibits more effective capacity to improve the
compressive strength of the cementitious materials than the big one. To reach higher
compressive strength, the small size graphene is recommended, such as the graphene
platelets used by Sedaghat et al. (2013). Its dimension is only 110 x 110 x 0.12 nm
(Angstrom Materials, NO08-100-N). In addition, it is better to set more experimental
groups with different graphene platelet sizes.

Continue research on how to improve the frost resistance of C grade graphene additive
cement, such as adding air entraining agent in to the mix proportion design.

Try other oxidation treatment method of graphene particles, such as the method presented

by Lv et al. (2013).

64



Adopt freezing thawing chamber for the freezing and thawing test. It can improve the
stability of the freezing and thawing cycles so to reduce the experiment error.
Furthermore, employ relative dynamic modulus loss as a criterion to evaluate the frost
resistance.

Add more types of corrosive solution in the corrosion test to perform contrast
experiments and advisably elongate the corrosion period.

Perform nano indentation tests by using AFM to measure the micro modulus of the
specimens. The researching area should be focused at the interface between the graphene
platelet and C-S-H.

Molecular dynamics simulation is helpful to research the mechanism of enhancement of

cementitious materials by graphene nanoplatelets.
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APPENDIX A

Al TRIAL WATER ABSORPTION RESULTS RECORD

Table A-1. Test results of water absorption trial test: N

Soaked Weight | 48 hrs Dry Weight | Water Content
120.4 107.3 12.2%
N 1355 119.8 13.1%
96.8 85.8 12.8%
Average 12.7%

Table A-2. Test results of water absorption trial test: 0.1% GC

Soaked Weight | 48 hrs Dry Weight | Water Content
90.0 79.5 13.2%
0.1% 75.4 67.0 12.5%
GC 81.0 719 12.7%
92.0 81.5 12.9%
Average 12.8%

Table A-3. Test results of water absorption trial test: 0.1% GM

Soaked Weight | 48 hrs Dry Weight | Water Content
68.1 60.1 13.3%
0.1% 85.8 75.8 13.2%
GM 70.6 62.4 13.1%
85.5 75.6 13.1%
Average 13.2%

66



Table A-4. Test results of water absorption trial test: 0.1% GOC

Soaked Weight | 48 hrs Dry Weight | Water Content
92.1 81.8 12.6%
0.1% 75.2 66.7 12.7%
GOC 75.5 66.7 13.2%
Average 12.8%

Table A-5. Test results of water absorption trial test: 0.1% GOM

Soaked Weight | 48 hrs Dry Weight | Water Content
92.4 82.8 11.6%
0.1% 84.3 74.0 13.9%
G.OM 98.2 87.4 12.4%
77.1 68.3 12.9%
Average 12.7%

Table A-6. Test results of water absorption trial test: 0.2% GC

Soaked Weight | 48 hrs Dry Weight | Water Content
55.6 49.4 12.6%
0.2% 109.2 97.1 12.5%
GC 93.2 83.3 11.9%
Average 12.3%

Table A-7. Test results of water absorption trial test: 0.2% GM

Soaked Weight | 48 hrs Dry Weight | Water Content
81.6 73.2 11.5%
0.2% 99.4 87.1 14.1%
GM 93.4 83.8 11.5%
90.1 80.8 11.5%
Average 12.1%
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Table A-8. Test results of water absorption trial test: 0.4% GC

Soaked Weight | 48 hrs Dry Weight | Water Content
103.4 92.5 11.8%
0.4% 97.9 86.3 13.4%
GC 90.3 80.3 12.5%
61.5 55.0 11.8%
Average 12.4%

Table A-9. Test results of water absorption trial test: 0.4% GM

Table A-10. Titration records before the first compression test

Soaked Weight | 48 hrs Dry Weight | Water Content
83.7 74.9 11.7%
0.4% 95.1 84.7 12.3%
GM 90.7 80.0 13.4%
63.9 56.4 13.3%
Average 12.7%
A.2 TITRATION RECORDS

Date Quantity of used NaOH solution(mL) Concentration
Jul. 15 19.2 15.36%
Jul. 16 16.3 13.04%
Jul. 17 16.3 13.04%
Jul. 17 Add 1969
Jul. 18 17.7 14.16%
Jul. 19 17.1 13.68%
28 Days + | Jul. 22 16.6 13.28%
1Month | Jul. 22 Add 172g
Jul. 24 16.6 13.28%
Jul. 26 15.8 12.64%
Jul. 26 Add 2369
Jul. 31 16.1 12.88%
Jul. 31 Add 2129
Aug. 09 16.9 13.52%
Aug. 13 15.6 12.48%
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Table A-11. Titration records before the second compression test

Date Quantity of used NaOH solution(mL) Concentration
Aug. 15 15.3 12.24%
Aug. 15 Add 2769
Aug. 28 15.5 12.40%
Aug. 28 Add 260g
Sept. 09 16.8 13.44%
%SN'?:thh;’ Sept. 16 15.8 12.64%
Sept. 23 15.1 12.08%
Sept. 23 Add 2929
Sept. 30 17.6 14.08%
Oct. 07 16.8 13.44%
Oct. 14 16.1 12.88%
Oct. 14 Add 212¢g
Table A-12. Titration records before the last compression test
Date Quantity of used NaOH solution(mL) Concentration
Oct. 21 17.8 14.24%
Oct. 28 17.2 13.76%
Nov. 04 16.7 13.36%
Nov. 11 16.2 12.96%
28 Days + | Nov.11 Add 204g
5 Months | Nov. 18 18.1 14.48%
Nov. 25 17.4 13.92%
Dec. 02 16.9 13.52%
Dec. 09 16.7 13.36%
Dec. 14 16.3 13.04%
Dec. 14 Add 1969
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A3

TESTS RECORDS OF COMPRESSIVE STRENGTH TEST AND YOUNG'S

MODULUS & POISSON'S RATIO MEASUREMENT

Table A-13. Compressive strength records and calculations of the N group

F(Ibs) | Area(mm?) | Strength(MPa)
N1 | 57220 | 8107.32 31.37
N2 | 68440 | 8107.32 37.53
N3 | 63580 | 8107.32 34.86
Average 34.59

Table A-14. Young's modulus records and calculations of the N group

0.005 0.005 End End Stress Strain E
Force Force
N1 - - - - - - -
N2 | 0.0125 2680 0.1390 | 22000 | 10.59 | 0.000622539 | 17015.81
N3 | 0.0050 1080 0.1620 | 25000 | 13.12 | 0.000772638 | 16974.52
Average | 16995.16
Table A-15. Poisson's ratio records and calculations of the N group
Force Long. Tran. DSPL Poissc_)n's's Average
DSPL ratio
N1
2680 0.0125 0.0030 0.2400
4980 0.0254 0.0050 0.1969
N2 6980 0.0381 0.0070 0.1837
8910 0.0508 0.0090 0.1772
13040 0.0762 0.0130 0.1706
22000 0.1397 0.0230 0.1646 0.15394
1080 0.0050 0.0000 0.0000
3440 0.0200 0.0020 0.1000
6880 0.0400 0.0060 0.1500
N3 10200 0.0600 0.0090 0.1500
16600 0.1000 0.0160 0.1600
25000 0.1620 0.0250 0.1543
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Table A-16. Compressive strength records and calculations of the GM group

F(lbs) | Area(mm?) | Strength(MPa)
GM1 | 72130 | 8107.32 39.55
GM2 | 68650 | 8107.32 37.64
GM3 | 70130 | 8107.32 38.45
Average 38.55

Table A-17. Young's modulus records and calculations of the GM group

0.005 0.005 End End Stress Strain E
Force Force
GM1 | 0.0400 6690 0.1670 | 25000 | 10.04 0.000625 | 16062.78
GM2 | 0.0200 3770 0.1640 | 25200 | 11.75 | 0.000708661 | 16580.42
GM3 | 0.0050 1470 0.1610 | 25100 | 12.96 | 0.000767717 | 16876.22
Average | 16506.47
Table A-18. Poisson’'s ratio records and calculations of the GM group
Force Long. Tran. DSPL Poisspn's Average
DSPL ratio
0 0.0000 0.0000 0.0000
0 0.0000 0.0000 0.0000
6690 0.0400 0.0070 0.1750
GM1 9890 0.0600 0.0100 0.1667
16050 0.1000 0.0170 0.1700
25000 0.1670 0.0270 0.1617
0 0.0000 0.0000 0.0000
3770 0.0200 0.0030 0.1500
GM?2 6960 0.0400 0.0070 0.1750 0.16260
10300 0.0600 0.0100 0.1667
16590 0.1000 0.0160 0.1600
25000 0.1640 0.0270 0.1646
1470 0.0050 0.0010 0.2000
3780 0.0200 0.0030 0.1500
7160 0.0400 0.0040 0.1000
GM3 10030 0.0600 0.0090 0.1500
16780 0.1000 0.0160 0.1600
25100 0.1610 0.0260 0.1615
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Table A-19.

Table A-20. Young's modulus records and calculations of the GC group

Compressive strength records and calculations of the GC group
F(Ibs) | Area(mm?) | Strength(MPa)
GC1 | 78730 | 8107.32 43.17
GC2 | 71000 | 8107.32 38.93
GC3 | 77230 | 8107.32 42.34
Average 41.48

0.005 0.005 End End Stress Strain E
Force Force
GC1 | 0.0050 1220 0.1590 | 25000 | 13.04 | 0.000757874 | 17203.91
GC2 | 0.0050 1460 0.1510 | 25010 | 12.91 | 0.000718504 | 17971.07
GC3 | 0.0050 1400 0.1540 | 25300 | 13.10 | 0.000733268 | 17870.95
Average | 17681.98
Table A-21. Poisson's ratio records and calculations of the GC group
Force Long. Tran. DSPL Poisspn's Average
DSPL ratio
1220 0.0050 0.0000 0.0000
3610 0.0200 0.0030 0.1500
6980 0.0400 0.0060 0.1500
ccl 10260 0.0600 0.0100 0.1667
16350 0.1000 0.0160 0.1600
25000 0.1590 0.0250 0.1572
1460 0.0050 0.0010 0.2000
4130 0.0200 0.0040 0.2000
G2 7760 0.0400 0.0070 0.1750 0.16825
11570 0.0600 0.0110 0.1833
17520 0.1000 0.0180 0.1800
25010 0.1510 0.0260 0.1722
1400 0.0050 0.0010 0.2000
4130 0.0200 0.0040 0.2000
7390 0.0400 0.0070 0.1750
ces3 10740 0.0600 0.0110 0.1833
17230 0.1000 0.0180 0.1800
25300 0.1540 0.0270 0.1753
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Table A-22.

Compressive strength records and calculations of the GOM group

F(Ibs) | Area(mm?) | Strength(MPa)
GOM1 | 69200 | 8107.32 37.94
GOM2 | 75480 | 8107.32 41.39
GOM3 | 69450 | 8107.32 38.08
Average 39.14

Table A-23. Young's modulus records and calculations of the GOM group

0.005 0.005 End End Stress Strain E
Force Force
GOM1 | 0.0050 940 0.1660 | 25300 | 13.36 | 0.000792323 | 16857.27
GOM2 | 0.0050 1100 0.1620 | 25000 | 13.10 | 0.000772638 | 16960.33
GOM3 | 0.0050 1090 0.1610 | 25050 | 13.14 | 0.000767717 | 17111.90
Average | 16976.50
Table A-24. Poisson's ratio records and calculations of the GOM group
Force Long. Tran. DSPL Poiss_on's Average
DSPL ratio
940 0.0050 0.0000 0.0000
3460 0.0200 0.0025 0.1250
6690 0.0400 0.0050 0.1250
GOM1 10120 0.0600 0.0075 0.1250
16070 0.1000 0.0125 0.1250
25300 0.1660 0.0240 0.1446
1100 0.0050 0.0010 0.2000
3470 0.0200 0.0030 0.1500
GOM2 6820 0.0400 0.0070 0.1750 0.15553
10310 0.0600 0.0100 0.1667
16380 0.1000 0.0160 0.1600
25000 0.1620 0.0250 0.1543
1090 0.0050 0.0010 0.2000
3810 0.0200 0.0040 0.2000
7000 0.0400 0.0070 0.1750
GOM3 10530 0.0600 0.0100 0.1667
16420 0.1000 0.0160 0.1600
25050 0.1610 0.0270 0.1677
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Table A-25. Compressive strength records and calculations of the GOC group

F(Ibs) | Area(mm?) | Strength(MPa)
GOC1 | 67570 | 8107.32 37.05
GOC2 | 70040 | 8107.32 38.40
GOC3 | 70880 | 8107.32 38.86
Average 38.10

Table A-26. Young's modulus records and calculations of the GOC group

0.005 0.005 End End Stress Strain E
Force Force
GOC1 | 0.0050 1060 0.1590 | 25020 | 13.14 | 0.000757874 | 17334.13
GOC2 | 0.0050 970 0.1600 | 25190 | 13.28 | 0.000762795 | 17409.18
GOC3 | 0.0050 1330 0.1580 | 25280 | 13.13 | 0.000752953 | 17440.14
Average | 17394.49
Table A-27. Poisson’'s ratio records and calculations of the GOC group
Force Long. Tran. DSPL Poiss_on's Average
DSPL ratio
1060 0.0050 0.0010 0.2000
3690 0.0200 0.0040 0.2000
6990 0.0400 0.0080 0.2000
GOC1
10390 0.0600 0.0120 0.2000
16630 0.1000 0.0180 0.1800
25020 0.1590 0.0280 0.1761
1190 0.0050 0.0010 0.2000
2210 0.0200 0.0300 1.5000
GOC2 3210 0.0400 0.0070 0.1750 017611
7610 0.0600 0.0110 0.1833
11090 0.1000 0.0180 0.1800
14430 0.1600 0.0280 0.1750
1310 0.0050 0.0001 0.0200
2280 0.0200 0.0040 0.2000
3180 0.0400 0.0070 0.1750
GOC3
4120 0.0600 0.0110 0.1833
7810 0.1000 0.0180 0.1800
11270 0.1580 0.0280 0.1772
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Figure A-1. Compressive force vs. longitudinal displacement of the N group

Compressive Force vs. Longitudinal Displacement
28-day Moist Cured GM Group
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Figure A-2. Compressive force vs. longitudinal displacement of the GM group
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Compressive Force vs. Longitudinal Displacement
28-day Moist Cured GC Group
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Figure A-3. Compressive force vs. longitudinal displacement of the GC group
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Figure A-4. Compressive force vs. longitudinal displacement of the GOM group
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Compressive Force vs. Longitudinal Displacement
28-day Moist Cured GOC Group
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Figure A-5. Compressive force vs. longitudinal displacement of the GOC group

A4 TEST RESULTS AND CALCULATIONS OF FREEZING & THAWING TEST

Table A-28. The weight records of the N group

Weight Weight Records (g) Relative Weight (g)
Date N1 N2 N3 N1 N2 N3
Jul.17 | 3837.3 | 3801.5 | 3804.4 0 0 0
Aug. 07 | 3830 3797.7 | 3799.1 -7.3 -3.8 -5.3
Aug. 23 | 3824.5 | 3794.3 3795 -12.8 7.2 -9.4

Sept. 9 | 38225 | 3791.1 | 3793.2 -14.8 -10.4 -11.2
Sept. 19 | 3818.8 | 3786.2 | 3787.5 -18.5 -15.3 -16.9
Sept. 30 | 3814.7 | 3785.2 | 3784.4 -22.6 -16.3 -20

Oct. 10 | 3812.1 | 3783.8 | 3780.5 -25.2 -17.7 -23.9
Oct. 21 | 3809.6 | 3782.1 | 3778.2 -27.7 -19.4 -26.2

Nov. 04 | 3808.3 3775 3772 -29 -26.5 -32.4
Nov. 18 | 3805.6 | 37735 | 3769.6 | -31.7 -28 -34.8
Dec.02 | 3804.3 | 3768.2 | 3765.6 -33 -33.3 -38.8
Jan.20 | 38029 | 3764.9 | 3763.8 | -344 -36.6 -40.6
Jan. 27 | 3803.5 | 3764.5 | 3764.6 | -33.8 -37 -39.8
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Figure A-6. The weight records of the N group
Table A-29. The weight records of the GM group
Weight Weight Records (g) Relative Weight (g)
Date GM1 GM2 GM3 GM1 GM2 GM3
Jul.17 3865.7 3841 3840.4 0 0 0
Aug. 07 | 3858.2 | 3830.4 | 3831.9 -7.5 -10.6 -8.5
Aug. 23 | 38525 | 38229 | 3824.7 -13.2 -18.1 -15.7
Sept.9 | 3849.8 | 3817.8 | 3819.8 -15.9 -23.2 -20.6
Sept. 19 | 3843.5 | 3812.6 | 3814.8 -22.2 -28.4 -25.6
Sept. 30 | 3839.2 | 3809.5 | 3809.8 -26.5 -31.5 -30.6
Oct. 10 | 3836.3 | 3807.1 | 3807.2 -29.4 -33.9 -33.2
Oct. 21 | 3835.1 | 3805.2 | 3804.6 -30.6 -35.8 -35.8
Nov.04 | 3829.9 | 3801.7 | 3801.8 -35.8 -39.3 -38.6
Nov. 18 | 3826.5 | 3800.9 | 3799.7 -39.2 -40.1 -40.7
Dec. 02 3825 3794.8 | 3796.6 -40.7 -46.2 -43.8
Jan.20 | 3821.2 | 3793.3 | 3793.2 -44.5 -47.7 -47.2
Jan. 27 | 3820.3 | 3792.3 | 3794.6 -45.4 -48.7 -45.8
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Figure A-7. The weight records of the GM group
Table A-30. The weight records of the GC group
Weight Weight Records (g) Relative Weight (g)
Date GC1 GC2 GC3 GC1 GC2 GC3
Jul.17 3849.4 | 3884.7 | 3837.4 0 0 0
Aug. 07 | 3850.1 | 3889.6 | 3841.4 0.7 49 4
Aug. 23 | 3854.4 | 3893.7 | 3846.2 5 9 8.8
Sept. 9 3858.6 | 3895.1 | 3849.8 9.2 10.4 12.4
Sept. 19 | 3858.6 | 3896.3 | 3850.2 9.2 11.6 12.8
Sept. 30 | 3860.6 | 3896.7 | 3851.6 11.2 12 14.2
Oct. 10 3858.5 | 3895.7 | 38515 9.1 11 14.1
Oct. 21 3857.2 | 3892.3 | 3852.4 7.8 7.6 15
Nov. 04 | 3850.4 | 3892.1 | 3851.1 1 1.4 13.7
Nov. 18 | 3839.5 3892 3848.2 -9.9 7.3 10.8
Dec. 02 | 3835.9 | 3890.7 3847 -13.5 6 9.6
Jan. 20 3831.9 | 3890.4 | 3847.7 -17.5 5.7 10.3
Jan. 27 3826.6 | 3888.3 | 3848.1 -22.8 3.6 10.7

79



Weight(g)

3920.00

e ././I—-""_'—'\-—.—F._H
3880.00
3860.00 .__./‘=¢——4-—¢_.\
N ——GC1
3840.00 —8=GC2
GC3
3820.00
3800.00
3780.00
1 2 3 4 5 6 7 8 9 10 11 12 13
Figure A-8. The weight records of the GC group
Table A-31. The weight records of the GOM group
Weight Weight Records (g) Relative Weight (g)
Date GOM1 | GOM2 | GOM3 | GOM1 | GOM2 | GOM3
Jul.17 3842.6 3868 3839.9 0 0 0
Aug. 07 | 3838.9 | 3863.4 | 3834.2 -3.7 -4.6 -5.7
Aug. 23 | 3834.8 | 3861.9 | 3829.8 -7.8 -6.1 -10.1
Sept. 9 | 3832.3 | 3861.6 | 3826.8 -10.3 -6.4 -13.1
Sept. 19 | 3828.1 | 3860.1 | 3822.1 -145 -7.9 -17.8
Sept. 30 | 3824.2 | 3855.6 | 3820.6 -18.4 -12.4 -19.3
Oct. 10 | 3821.8 | 3855.2 | 3817.3 -20.8 -12.8 -22.6
Oct. 21 | 3817.8 | 3855.1 | 3813.7 -24.8 -12.9 -26.2
Nov. 04 | 3812.7 | 3853.3 | 3807.9 -29.9 -14.7 -32
Nov. 18 3809 3852.5 | 3803.8 -33.6 -15.5 -36.1
Dec. 02 | 3808.9 | 3845.7 | 3798.2 -33.7 -22.3 -41.7
Jan.20 | 3808.1 | 3842.7 | 3794.1 -34.5 -25.3 -45.8
Jan. 27 | 3807.3 | 3841.9 3794 -35.3 -26.1 -45.9
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Figure A-9. The weight records of the GOM group
Table A-32. The weight records of the GOC group
Weight Weight Records (Q) Relative Weight ()
Date GOC1 GOC2 GOC3 GOC1 GOC2 GOC3
Jul.17 3857.7 | 3874.8 | 3870.6 0 0 0
Aug. 07 3860 3876.5 | 3871.5 2.3 1.7 0.9
Aug. 23 | 3862.5 3876 3873.3 4.8 1.2 2.7
Sept. 9 3864.5 | 3876.1 | 3873.6 6.8 13 3
Sept. 19 | 3864.1 | 3871.1 | 3870.9 6.4 -3.7 0.3
Sept. 30 | 3859.7 | 3866.3 | 3866.8 2 -8.5 -3.8
Oct. 10 3851 3860.1 | 3862.6 -6.7 -14.7 -8
Oct. 21 | 3845.6 | 3855.7 | 38625 -12.1 -19.1 -8.1
Nov. 04 | 3836.9 | 3849.5 | 3858.9 -20.8 -25.3 -11.7
Nov.18 | 3834.2 | 3845.1 | 3853.6 -23.5 -29.7 -17
Dec. 02 3828 3840.9 3853 -29.7 -33.9 -17.6
Jan. 20 | 3826.9 | 3838.2 | 3852.9 -30.8 -36.6 -17.7
Jan. 27 | 3827.4 | 3836.5 | 3853.3 -30.3 -38.3 -17.3
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Figure A-10. The weight records of the GOC group
Table A-33. The length records of the N group
Length Length Records (mm) Relative Length (mm)
Date N1 N2 N3 N1 N2 N3

Jul.17 360.03 | 361.77 | 360.04 0.00 0.00 0.00

Aug. 07 | 359.97 | 361.62 | 359.96 -0.06 -0.15 -0.08

Aug. 23 | 359.87 | 361.56 | 359.87 -0.16 -0.21 -0.17

Sept.9 | 359.94 | 361.61 | 359.99 -0.09 -0.16 -0.05

Sept. 19 | 359.89 | 361.60 | 359.88 -0.14 -0.17 -0.16

Sept. 30 | 359.84 | 361.58 | 359.90 -0.19 -0.19 -0.14

Oct. 10 | 359.86 | 361.60 | 359.87 -0.17 -0.17 -0.17

Oct. 21 | 359.82 | 361.55 | 359.86 -0.21 -0.22 -0.18

Nov. 04 | 359.87 | 361.54 | 359.85 -0.16 -0.23 -0.19

Nov.18 | 359.82 | 361.54 | 359.88 -0.21 -0.23 -0.16

Dec. 02 | 359.82 | 361.54 | 359.88 -0.21 -0.23 -0.16

Jan. 20 | 359.87 | 361.55 | 359.88 -0.16 -0.22 -0.16

Jan. 27 | 359.88 | 361.55 | 359.87 -0.15 -0.22 -0.17
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Figure A-11. The length records of the N group
Table A-34. The length records of the GM group
Length Length Records (mm) Relative Length (mm)
Date GM1 GM2 GM3 GM1 GM2 GM3
Jul.l7 | 361.17 | 359.23 | 358.84 0.00 0.00 0.00
Aug. 07 | 361.04 | 359.14 | 358.72 -0.13 -0.09 -0.12
Aug. 23 | 361.03 | 359.13 | 358.69 -0.14 -0.10 -0.15
Sept.9 | 361.06 | 359.15 | 358.77 -0.11 -0.08 -0.07
Sept. 19 | 360.98 | 359.11 | 358.69 -0.19 -0.12 -0.15
Sept. 30 | 360.99 | 359.06 | 358.64 -0.18 -0.17 -0.20
Oct. 10 | 360.97 | 359.05 | 358.63 -0.20 -0.18 -0.21
Oct. 21 | 360.98 | 359.02 | 358.66 -0.19 -0.21 -0.18
Nov. 04 | 360.90 | 359.03 | 358.63 -0.27 -0.20 -0.21
Nov. 18 | 360.92 | 359.04 | 358.63 -0.25 -0.19 -0.21
Dec. 02 | 360.92 | 359.04 | 358.63 -0.25 -0.19 -0.21
Jan. 20 | 360.98 | 359.01 | 358.69 -0.19 -0.22 -0.15
Jan. 27 | 360.93 | 359.03 | 358.61 -0.24 -0.20 -0.23
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Figure A-12. The length records of the GM group
Table A-35. The length records of the GC group
Length Length Records (mm) Relative Length (mm)
Date GC1 GC2 GC3 GC1 GC2 GC3

Jul.17 359.58 | 357.96 | 358.58 0.00 0.00 0.00
Aug. 07 | 359.66 | 358.08 | 358.68 0.08 0.12 0.10
Aug. 23 | 359.81 | 358.33 | 358.83 0.23 0.37 0.25
Sept. 9 | 360.02 | 358.42 | 358.98 0.44 0.46 0.40
Sept. 19 | 360.03 | 358.47 | 359.01 0.45 0.51 0.43
Sept. 30 | 360.01 | 358.46 | 359.06 0.43 0.50 0.48
Oct. 10 | 360.02 | 358.51 | 359.02 0.44 0.55 0.44
Oct. 21 | 359.98 | 358.51 | 359.02 0.40 0.55 0.44
Nov. 04 | 359.99 | 358.51 | 359.06 041 0.55 0.48
Nov. 18 | 360.02 | 358.49 | 359.08 0.44 0.53 0.50
Dec. 02 | 360.02 | 358.49 | 359.08 0.44 0.53 0.50
Jan. 20 | 360.03 | 358.58 | 359.19 0.45 0.62 0.61
Jan. 27 | 360.03 | 358.55 | 359.19 0.45 0.59 0.61
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Figure A-13. The length records of the GC group
Table A-36. The length records of the GOM group
Length Length Records (mm) Relative Length (mm)
Date GOM1 | GOM2 | GOM3 | GOM1 | GOM2 | GOM3
Jul.ll7 | 360.89 | 360.97 | 360.95 0.00 0.00 0.00
Aug. 07 | 360.82 | 360.91 | 360.85 -0.07 -0.06 -0.10
Aug. 23 | 360.77 | 360.94 | 361.03 -0.12 -0.03 0.08
Sept.9 | 360.84 | 360.99 | 360.90 -0.05 0.02 -0.05
Sept. 19 | 360.82 | 360.93 | 360.86 -0.07 -0.04 -0.09
Sept. 30 | 360.80 | 360.95 | 360.85 -0.09 -0.02 -0.10
Oct. 10 | 360.79 | 360.96 | 360.83 -0.10 -0.01 -0.12
Oct. 21 | 360.73 | 360.92 | 360.76 -0.16 -0.05 -0.19
Nov. 04 | 360.71 | 360.92 | 360.75 -0.18 -0.05 -0.20
Nov. 18 | 360.74 | 360.92 | 360.75 -0.15 -0.05 -0.20
Dec. 02 | 360.78 | 360.92 | 360.75 -0.11 -0.05 -0.20
Jan. 20 | 360.81 | 360.95 | 360.77 -0.08 -0.02 -0.18
Jan. 27 | 360.82 | 360.97 | 360.78 -0.07 0.00 -0.17
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Figure A-14. The length records of the GOM group

Table A-37. The length records of the GOC group

Length Length Records (mm) Relative Length (mm)
Date GOC1 | GOC2 | GOC3 | GOC1 | GOC2 | GOC3
Jul.17 | 358.97 | 359.73 | 362.42 0.00 0.00 0.00
Aug. 07 | 358.90 | 359.64 | 362.34 | -0.07 -0.09 -0.08
Aug. 23 | 359.02 | 359.66 | 362.43 0.05 -0.07 0.01
Sept.9 | 359.12 | 359.76 | 362.51 0.15 0.03 0.09
Sept. 19 | 359.12 | 359.73 | 362.49 0.15 0.00 0.07
Sept. 30 | 359.18 | 359.76 | 362.54 0.21 0.03 0.12
Oct. 10 | 359.05 | 359.70 | 362.50 0.08 -0.03 0.08
Oct. 21 | 359.07 | 359.63 | 362.50 0.10 -0.10 0.08
Nov. 04 | 359.05 | 359.67 | 362.46 0.08 -0.06 0.04
Nov. 18 | 359.02 | 359.65 | 362.44 0.05 -0.08 0.02
Dec. 02 | 359.02 | 359.65 | 362.44 0.05 -0.08 0.02
Jan.20 | 359.06 | 359.69 | 362.50 0.09 -0.04 0.08
Jan. 27 | 359.06 | 359.66 | 362.53 0.09 -0.07 0.11
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Figure A-15. The length records of the GOC group
Table A-38. The average weight change percentage of each groups

Weight N GM GC GOM GOC
Jul. 17 0 0 0 0 0
Aug. 07 | -0.143% | -0.230% | 0.083% | -0.121% | 0.042%
Aug. 23 | -0.257% | -0.407% | 0.197% | -0.208% | 0.075%
Sept.9 | -0.318% | -0.517% | 0.277% | -0.258% | 0.096%
Sept. 19 | -0.443% | -0.660% | 0.290% | -0.348% | 0.026%
Sept. 30 | -0.514% | -0.767% | 0.323% | -0.434% | -0.089%
Oct. 10 | -0.584% | -0.836% | 0.296% | -0.487% | -0.253%
Oct. 21 | -0.640% | -0.885% | 0.263% | -0.554% | -0.339%
Nov. 04 | -0.768% | -0.985% | 0.191% | -0.664% | -0.498%
Nov. 18 | -0.826% | -1.039% | 0.071% | -0.738% | -0.605%
Dec. 02 | -0.919% | -1.132% | 0.018% | -0.847% | -0.700%
Jan.20 | -0.975% | -1.207% | -0.013% | -0.915% | -0.733%
Jan. 27 | -0.967% | -1.212% | -0.074% | -0.930% | -0.740%
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Table A-39. The average length change percentage of each groups

Length N GM GC GOM GOC
Jul. 17 0 0 0 0 0
Aug. 07 | -0.027% | -0.031% | 0.028% | -0.021% | -0.022%
Aug. 23 | -0.050% | -0.036% | 0.079% | -0.006% | -0.001%
Sept. 9 | -0.028% | -0.024% | 0.121% | -0.007% | 0.025%
Sept. 19 | -0.043% | -0.043% | 0.129% | -0.018% | 0.020%
Sept. 30 | -0.048% | -0.051% | 0.131% | -0.019% | 0.033%
Oct. 10 | -0.047% | -0.055% | 0.133% | -0.021% | 0.012%
Oct. 21 | -0.056% | -0.054% | 0.129% | -0.037% | 0.007%
Nov. 04 | -0.054% | -0.063% | 0.134% | -0.040% | 0.006%
Nov. 18 | -0.055% | -0.060% | 0.137% | -0.037% | -0.001%
Dec. 02 | -0.055% | -0.060% | 0.137% | -0.033% | -0.001%
Jan. 20 | -0.050% | -0.052% | 0.156% | -0.026% | 0.012%
Jan. 27 | -0.050% | -0.062% | 0.153% | -0.022% | 0.012%

A5 TEST RESULTS AND CALCULATIONS OF CORROSION TEST

Table A-40. The corrosion test records of the N group

N

Force | Area (in?) Stress (psi)
N1 | 24810 4 6202.50
28 days N2 | 25230 4 6307.50
N3 | 25120 4 6280.00
Average 6263.33
N1 | 23560 4 5890.00
Corrosion 1 | N2 | 26960 4 6740.00
month N3 | 28040 4 7010.00
Average 6546.67
N1 | 20690 4 5172.50
Corrosion 3 | N2 | 24960 4 6240.00
month N3 | 21900 4 5475.00
Average 5629.17
N1 | 19630 4 4907.50
Corrosion 5 N2 | 21240 4 5310.00
month N3 | 17750 4 4437.50
Average 4885.00
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Table A-41. The corrosion test records of the GM group

GM
Force | Area(in?) Stress

GM1 | 23480 4 5870.00 psi

28 days GM2 | 24170 4 6042.50 psi

GM3 | 25820 4 6455.00 psi
Average 6122.50 -2.25%

GM1 | 24210 4 6052.50 psi

Corrosion for | GM2 | 25900 4 6475.00 psi

1 month GM3 | 25680 4 6420.00 psi
Average 6315.83 -3.53%

GM1 | 21510 4 5377.50 psi

Corrosion for | GM2 | 21610 4 5402.50 psi

3months | GM3 | 20190 4 5047.50 psi
Average 5275.83 -6.28%

GM1 | 17320 4 4330.00 psi

Corrosion for | GM2 | 17960 4 4490.00 psi

Smonths | GM3 | 17650 4 441250 psi
Average 4410.83 -9.71%

Table A-42. The corrosion test records of the N group
GC
Force | Area(in?) Stress

GC1 | 27480 4 6870.00 psi

28 days GC2 | 24720 4 6180.00 psi

GC3 | 27140 4 6785.00 psi
Average 6827.50 9.01%

GC1 | 28010 4 7002.50 psi

Corrosion for | GC2 | 24920 4 6230.00 psi

1 month GC3 | 27200 4 6800.00 psi
Average 6677.50 2.00%

GC1 | 23850 4 5962.50 psi

Corrosion for | GC2 | 21920 4 5480.00 psi

3 months GC3 | 20690 4 5172.50 psi
Average 5538.33 -1.61%

GC1 | 22510 4 5627.50 psi

Corrosion for | GC2 | 20680 4 5170.00 psi

5months | GC3 | 21960 4 5490.00 psi
Average 5429.17 11.14%
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Table A-43. The corrosion test records of the N group

GOM
Force | Area(in?) Stress

GOM1 | 27770 4 6942.50 psi

28 days GOM2 | 25840 4 6460.00 psi

GOM3 | 25500 4 6375.00 psi
average 6592.50 5.26%

GOM1 | 24740 4 6185.00 psi

Corrosion GOM2 | 21800 4 5450.00 psi

for L month | GOM3 | 24590 4 6147.50 psi
Average 6166.25 | -5.81%

GOM1 | 23900 4 5975.00 psi

Corrosion GOM2 | 24130 4 6032.50 psi

for 3 months | GOM3 | 23710 4 5927.50 psi
Average 5951.25 5.72%

GOM1 | 20490 4 5122.50 psi

Corrosion GOM2 17860 4 4465.00 pSI

for 5 months | GOM3 | 19110 4 4777.50 psi
Average 4950.00 1.33%

Table A-44. The corrosion test records of the N group
GOC
Force | Area(in?) Stress

GOC1 | 25940 4 6485.00 psi

28 days GOC2 | 23700 4 5925.00 psi

GOC3 | 25170 4 6292.50 psi
Average 6234.17 | -0.47%

GOC1 | 22920 4 5730.00 psi

Corrosion GOC2 | 27260 4 6815.00 psi

for 1 month | GOC3 | 26660 4 6665.00 psi
Average 6403.33 | -2.19%

GOC1 | 20430 4 5107.50 psi

Corrosion GOC2 | 22540 4 5635.00 psi

for 3 months | GOC3 | 23690 4 5922.50 psi
Average 5555.00 | -1.32%

GOC1 | 17290 4 4322.50 psi

Corrosion GOC2 | 19120 4 4780.00 pSI

for 5months | GOC3 | 20270 4 5067.50 psi
Average 4723.33 | -3.31%
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APPENDIX B

B.1 DETAILS OF GRAPHENE NANOPLATELETS

Raman Spectroscopy of xGnP® Graphene Nanoplatelets
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Figure B-16. Raman spectroscopy of XGnP® grade M graphene nanoplatelets (XG Sciences, 2013)
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Table B-45. Characteristics of xGnP® grade M graphene nanoplatelets (XG Sciences, 2013)

Parallel to Surface Perpendicular to Surface

Density
(g/)

2.2
Carbon Content
%) =095

Thermal Conductivity
(W/mK)

Thermal Expansion (CTE)
0-5 ) 1-0 x 10-6

Tensile Modulus
(GPa)

Tensile Strength
(GPa)

Electrical Conductivity
(S/m)

XRD Patterns of C - Grades

— 300m?g
——— s00mifg
750 m/g

10000

8000

A
o [

4000 —

/AN
— = NS .

0 T T T T T T
20 1 22 23 24 25

2Theta (0)

Intensity (a.u)

Figure B-17. XRD patterns of xGnP® grade C graphene nanoplatelets (XG Sciences, 2013)
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Raman Spectroscopy of C Grades
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Figure B-18. Raman spectroscopy of xGnP® grade C graphene nanoplatelets (XG Sciences, 2013)
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Figure B-19. XPS analysis of xGnP® grade C graphene nanoplatelets (XG Sciences, 2013)
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B.2 RAMAN SPECTROSCOPY DATA
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Figure B-20. Raman spectroscopy of water on glass slide obtained by Renishaw inVia
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Figure B-21. Raman spectroscopy of water with GM obtained by Renishaw inVia
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B.3

RAMAN SPECTROSCOPY DATA

Table B-46. Sand sieve data

. . Sith_a . Cumulative | Cumulative | Cumulative
Sieves Sieve Material Retained . . :
Size(mm) | Weight(g) | Weight Weight(g) Re'gamed Retained Passing
© Weight(g) | Percentage | Percentage
4,75 515.5 515.5 0 0 0.0% 100.0%
2.36 432.1 436.2 4.1 4.1 0.4% 99.6%
1.18 427.6 653.8 226.2 230.3 23.0% 77.0%
0.6 398.2 690.7 292.5 522.8 52.3% 47.7%
0.3 359 677 318 840.8 84.1% 15.9%
0.15 352.1 470.3 118.2 959 95.9% 4.1%
Pan 524.7 565.7 41 1000 100.0% 0.0%
Fineness Modulus 2.557
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