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Abstract

Concrete, due to its low cost, durability and fire resistance, is one of the world’s most
widely used construction materials. Concrete is typically reinforced with steel bars
and welded wire mesh. Since the cost of steel is increasing and steel corrosion is a
significant contributor to structural failure, it is advantageous to find an alternative
replacement reinforcement material which can not only replace the steel, but also
resist corrosion.

Over the past few decades, polymeric fibres have been used as concrete reinforce-
ment. The chemical bond between the polymeric fibre and the cementitious matrix
is an important factor in the fibre’s performance as a concrete reinforcement. De-
spite the great importance of the chemical bonding at the polymeric fibre/concrete
interface, the chemical bonding at the interface is not well understood.

To investigate the chemical interactions between polymeric materials and concrete,
model systems of polymeric powder/white cement and polymeric fibre/white cement
were chosen, where white cement was chosen for its suitability for nuclear magnetic
resonance (NMR) experiments. The chemical interactions between poly(ethylene-
vinyl acetate) (EVA), poly(ether imide) (PEI), and poly(vinylidene fluoride) (PVDF)
polymeric powders were studied via *C NMR spectroscopy. It was found that EVA
admixture undergoes hydrolysis in a cementitious matrix and follows a pseudo-second
order kinetics model up to 32 days of cement hydration. PEI was also found to
undergo hydrolysis at the imide functional group in a cementitious matrix. PVDF
powder undergoes dehydrofluorination in the cementitious environment, producing a
brown coloured polymer which is a result of conjugation of the polymer backbone.

The interfacial transition zone between fluoropolymeric powder/white cement and
steel and polymeric fibres (high density polyethylene/polypropylene, poly(vinyl alco-
hol), PEIL, PVDF, and Nylon 6.6) was studied at short range using F, 2"Al, and **Ca
NMR spectroscopy and at long range using the scanning electron microscopy/energy
dispersive spectroscopy method. It was concluded that the chemistry of polymeric
fibres themselves can alter the surrounding interfacial transition zone such that the
calcium silicate hydrate favours a tobermorite or jennite-like structure, which could
contribute to a strong or weak interface.

Xvi
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Chapter 1

Introduction

1.1 Preamble

For the reader’s convenience, this dissertation will refer to cement components
with their appropriate cement chemistry symbol throughout the text. Chemical reac-
tions will be reported using chemical formulae rather than cement chemistry symbols.
Table 1.1 summarizes the conversion between nomenclatures.

Table 1.1: Cement chemistry abbreviations

Abbreviation Component Name Chemical Formula
C calcium oxide CaO
CH calcium hydroxide Ca(OH),
CSH, gypsum CaS0O,-2H,0
CSH calcium silicate hydrate (Ca0), - Si0, - yH,O*
CsA tricalcium aluminate 3 Ca0 - Al,O4
C4AF tetracalcium aluminoferrite 4Ca0 - Al,O4 - Fe,O4
CaS dicalcium silicate 2Ca0 - Si0,
CsS tricalcium silicate 3 CaO - Si0,
CeAS3Hsy ettringite C3A -3CaS0O, - 32H,0
*x<1.5

This chapter serves as an introduction to cement chemistry, concrete, reinforced
concrete, and polymeric fibres used in concrete reinforcement applications. Chap-
ter 2 outlines the experimental methods, Nuclear Magnetic Resonance (NMR) spec-
troscopy, Scanning Electron Microscopy /Energy Dispersive Spectroscopy (SEM/EDS),

1
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Infrared (IR) spectroscopy, and Ultraviolet-Visible (UV-Vis) spectroscopy, used in
this work. Chapter 3 discusses the hydrolysis kinetics of a chemical admixture,
poly(ethylene-vinyl acetate) (EVA), in a hydrating white cement environment over
84 days via 3C NMR spectroscopy. Chapter 4 examines poly(ether imide) (PEI) as
a possible concrete reinforcement material with 3C NMR spectroscopy. Chapter 5
addresses poly(vinylidene fluoride)’s (PVDF) stability in cementitious matrices using
13C and YF NMR, IR, and UV-Vis spectroscopies. Chapter 6 discusses the interfacial
transition zone surrounding steel and polymeric materials (powder and fibre) at short
(angstrom scale) and long (micron scale) range from the interface. Chapter 7 presents

the overall conclusions, recommendations, and future directions for this work.

1.2 Introduction

The purpose of this dissertation is to explore the chemical interactions between
polymeric powder or fibre and white cement. It is hypothesized that the chemical
interactions between polymeric fibres and concrete create additional bonding. The
goal of this thesis is to experimentally test this hypothesis. Using nuclear magnetic
resonance (NMR) spectroscopic and scanning electron microscopic (SEM) methods,
the chemical interactions between polymeric powder and white cement (model sys-
tem for NMR experiments) and polymeric fibres/white cement (model system for
SEM experiments) were investigated. NMR was used to study the chemical stabil-
ity of poly(ethylene-vinyl acetate) (EVA), poly(vinylidene fluoride) (PVDF)(infrared

(IR), and ultraviolet-visible (UV) spectroscopies were also used in the PVDF study),
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and poly(ether imide) (PEI) in cementitious matrices. It was found that EVA and
PEI polymers undergo hydrolysis and PVDF undergoes dehydrofluorination in the
cementitious environment which could be detrimental to a fibre’s ability to toughen
concrete if it is composed of these materials. It is speculated that fibre composition
induces structural changes in the interfacial transition zone surrounding the fibre,
thus ultimately having an effect on the bond created between polymeric fibres and a
concrete matrix.

Concrete, due to its low cost, durability and fire resistance, is one of the world’s
most widely used construction materials. The world consumes approximately 10 bil-
lion tonnes of engineering materials (ceramics, metals, natural, and polymers) each
year [1]. The consumption of concrete exceeds the consumption of all other engineer-
ing materials combined. For comparison purposes, ceramics (dominated by concrete),
natural (e.g., wood), metals (dominated by steel), and polymers (e.g., PE and PP)
make up 84%, 9%, 6%, and 1% of engineering materials consumed each year, respec-
tively [1].

Concrete structures are typically reinforced using steel rebar and welded wire
mesh. The major drawbacks when using rebar to reinforce concrete structures are cost
and corrosion. With high steel prices and the world’s aging concrete structures, which
cost billions of dollars to repair each year, alternative concrete reinforcement methods
need to be investigated. Since corrosion is a significant contributor to structural
failure, it would be advantageous to find an alternative reinforcement material to not

only replace steel reinforcement but also be corrosion resistant.
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Over the past few decades, asbestos, steel, natural, and synthetic (polymeric)
fibres have been used as reinforcement in concrete. Due to asbestos related health
concerns [2] and rising steel prices, the fibre industry is turning to synthetic fibres as a
reinforcement material. One important characteristic of a fibre, which is necessary for
good performance in a concrete matrix, is the bond between fibre and concrete. There
are two types of bonding that can occur at the polymeric fibre/concrete interface:
mechanical and chemical. Mechanical bonding at the interface has been studied
extensively in the literature [3-12]; however, chemical bonding at the interface is
not well understood. The industry currently lacks understanding of the chemical
interactions between synthetic fibres and concrete; as a result, the development of
new high performance fibre for concrete reinforcement has lost momentum.

Chemical bonding at the polymeric fibre/concrete interface is an important fac-
tor in a fibre’s performance in concrete reinforcement applications. Knowing which
polymer chemistries best interact with the concrete will guide the choice of appropri-
ate polymers and give some direction toward the chemical alteration of the fibres if
required. To investigate the interfacial interactions between polymer fibres and con-
crete, on the small scale (angstroms from the interface) solid state NMR spectroscopy
was employed to probe local interactions of the nuclei present at the polymeric pow-
der and white cement interface. On the larger scale, SEM/EDS was used to examine
the interfacial transition zone surrounding steel and polymeric fibres up to 200 pm

(2 x 10% angstroms) from the fibre surface. The chemical bond of potential polymers
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with concrete can be studied, prior to fibre production, to optimize the polymer selec-
tion process which could lead to new fibre blends and surface treatments to enhance
the bond between the fibre and concrete.

The long term stability of polymeric material in a cementitious environment is
important to consider when choosing a fibre for concrete reinforcement applications.
The harsh basic environment in cementitious matrices can lead to chemical degrada-
tion of fibres by processes such as hydrolysis, which can damage fibre surfaces, cause
reduction in mechanical properties of the fibre, and in extreme cases cause premature
fibre failure. In this work, the chemical stability of an EVA admixture and both
polymeric materials (PVDF and PEI) chosen by Trottier [13] as potential polymeric
materials for reinforced concrete applications were studied via NMR, IR, and UV-Vis

spectroscopic methods.

1.3 Cement Production

Cement is produced from four essential oxides of calcium (CaO), silicon (Si0,),
aluminum (Al,O,), and iron (Fe,O). Limestone is used as the calcium source and
clay as a source of silicon, aluminum, and iron. The raw materials are blended in the
following proportions of approximately 63% calcium oxide, 20% silica, 6% alumina,
3% iron (III) oxide, and small portions of other materials [14]. The blended raw
materials are transported from the quarry to the factory where they are pulverized by
a roller on a rotating table. After being crushed, the material passes through a series

of vertical chambers which pre-heat the material before entrance to the kiln. The kiln
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is a large, sloped, rotating furnace which completes 1-3 revolutions per minute. Since
the kiln is sloped, the material is gradually heated as it moves toward the flame heat
source located at the end of the kiln. As the material is heated, water and carbon
dioxide are expelled and consequently reactions are produced among the remaining
solids as they are agitated due to the kiln rotation [14]. The CaO reacts with the
silica and alumina to form calcium silicates and calcium aluminates. At a temperature
of approximately 1250°C, tricalcium silicate (C4S), the major component of cement,
begins to form. At 1500°C, C;S represents 40-70% of the final cement powder product.
At the end of the kiln, the material is partially molten and is typically called clinker.
The clinker is then cooled on a grate using forced air. After cooling, the clinker is
ground in a ball mill to reduce the particulate size to a fine powder with an average
size of 15 pum [15]. At the grinding stage, gypsum (CSH,) is added which, during the
hydration process, controls flash setting (rapid reaction of C;A that causes the loss

of cement paste workability) of the cement.

1.4 Cement Hydration

Cement hydration occurs in a series of complex chemical reactions which are still
not fully understood [14,16,17]. To simplify this complex process, cement hydration
can be described in four stages: pre-induction; induction; acceleration; and decelera-
tion. When water is added to cement, a brief period of heightened hydration occurs
and is called the pre-induction stage. During this stage, alkali earth oxides quickly

dissolve in water which results in the formation of calcium hydroxide (Ca(OH),) and



7

calcium silicate hydrate (CSH) gel. Taylor [14] describes the formation of Ca(OH),

and CSH gel by the following chemical reaction (Equation 1.1):

2 (3Ca0-Si0,)(s) + 6 H,O(1) — 3 Ca0-28i0,-3 H,O(s) + 3 Ca(OH),(aq).  (1.1)

It is also proposed that tricalcium aluminate (C;A) and tetracalcium aluminofer-

rite (C,AF) undergo hydration by the following reactions (Equations 1.2 and 1.3):

3 Ca0-Al,04(s) + 6 H,0(1) — 3 Ca0-Al,04-6 H,0(s) (1.2)

and

4 Ca0-AlL0;5-Fe,04(s) + 2 Ca(OH),(aq) + 10 H,O(1) —

3 Ca0-Al,04-6 Hy,O(s) 4+ 3 CaO-Fe,O4-6 H,O(s). (1.3)

Gypsum is added during cement production to prevent flash setting. The reaction
of gypsum with C;A, shown below (Equation 1.4), is responsible for slowing the

setting time of cement by the formation of calcium trisulfoaluminate hydrate,

3 Ca0-Al04(s) + 3 CaSO,(s) + 32H,0(1) —>

3 Ca0-AlL 0,3 CaSO,-32 H,0(s). (1.4)
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Following the pre-induction stage, the induction stage begins with a significant
reduction in the rate of hydration. One hypothesis that has been suggested to account
for the hydration rate reduction is that the CSH gel layer covers the C;S which
would prevent the aqueous C4S from undergoing hydration [14]. The induction period
typically lasts several hours. After the induction stage, the rate of hydration increases
again. During the acceleration stage, the hydration of C,S begins to proceed very
slowly while the hydration of C4S becomes more rapid. At this point in the hydration
process there is a large concentration of solid hydration products present which results
in the remainder of the cement hydration process being diffusion controlled. This final
stage of hydration, referred to as deceleration, continues for many years. The overall

cement hydration process is represented graphically in Figure 1.1.

d

>

C,S Hydration
O

>

Hydration Time

Figure 1.1: Representation of C3S hydration in cement: (a) pre-induction, (b) induc-
tion, (c) acceleration, and (d) deceleration. Styled after [16,17].
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During hydration, amorphous CSH forms as a result of C;S and C,S hydra-
tion. It has been proposed that the CSH formed during hydration resembles the
structure of tobermorite and jennite minerals [14, 16]. The chemical structures of
1.4 nm tobermorite and jennite are shown in Figures 1.2 and 1.3, respectively. To-
bermorite, [Ca,(Si;O4H),]Ca- 8 H,O, consists of a layered structure that includes two
silicate chain layers, a CaQO, sublayer, and a Ca-8H,O interspace layer. Tober-
morite exists in two forms, 1.4 nm and 1.1 nm tobermorite. 1.1 nm tobermorite,
[Ca,(Si;O4H),]Ca -4 H,O, can be formed from 1.4 nm tobermorite via the loss of in-
terspace water by heating at 55°C [14]. Jennite, [Cag(Si;O4H),(OH)g]Ca -6 HyO, has
a similar layered structure to tobermorite, although, there are differences in the sub
and interspace layers. The jennite sublayer is composed of CaO—OH and the inter-
space layer contains less water than 1.4 nm tobermorite. As was described previously
for tobermorite, upon heating to 70-90°C, jennite also loses interspace water to form

meta-jennite.

: OH o. OH
O~ S
AN N A L Si,04H chain
o o 0 (o) o (o} ™~ 39
N T T N TN
LS Si LSi S
Ll YL LT I
Ta |Ca Ta Cla Ta Ta Ta (|:a j— Ca0, sublayer
o 0o O_ 0 O 0 O_ 0
jsf\ \Si\ :sr\ >si
(o] o
/ O O\Si/o O \Si/
o~ \0_;H o o
8H,0 Ca 8H,0 Ca'b} Interspace layer

Figure 1.2: Chemical structure of tobermorite. Styled after Hewlett [16]

CSH is the major strength component of the cementitious matrix, acting to bridge
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Figure 1.3: Chemical structure of jennite. Styled after Hewlett [16]

pores and bind together aggregate. To avoid structural damage to the CSH formed
during hydration of the cement samples discussed in this dissertation, all drying steps

in the sample preparation were carried out below 50°C.

1.5 Concrete

Cement is a powdered material which sets and hardens in the presence of water to
form a hardened cement paste. As a result of these properties, cement is commonly
used as a binder between materials. For instance, bricks are cemented together with
mortar, which is composed of cement paste and fine aggregate, typically natural or
manufactured sand having a particulate size less than 10 mm [18]. Concrete is com-
posed of Portland cement, water, aggregate, and in some cases chemical admixture.
Concrete contains course aggregate as well as fine aggregate. Course aggregate (e.g.,

crushed gravel or stone) is typically between 10 to 38 mm in diameter [18].
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Due to cost considerations, only the amount of cement required to bind the ag-
gregate together is added to the concrete mixture. Therefore, aggregate is the major
component (60-75% by volume) of the concrete mixture. Prior to using aggregate,
it must be sufficiently cleaned to remove any organic or mineral materials which can
degrade the concrete product. Aggregate shape is also an important consideration for
the properties of the freshly mixed concrete as well as its hardened properties. For
instance, aggregate which is highly textured and elongated in shape will require more
water to achieve flow than rounded less textured aggregate. Admixtures can be used
in concrete to achieve desired effects such as retarding and corrosion inhibition [15].
In warm environments, for example, concrete tends to harden more rapidly which
makes placing the concrete difficult. Using a retarding admixture can slow down the
setting which allows for longer periods of workability before the initial setting occurs.
The use of corrosion inhibiting admixtures is desirable when steel is used to reinforce
the concrete structure. These admixtures can be used to defend against corrosion of

steel in environments which have high chloride levels (e.g., marine environments).

1.5.1 Water to Cement Ratio

The water to cement ratio (mass of water/mass of cement) is vital to the strength
of hardened concrete. When mixing concrete, water is typically added to cement at a
volume that exceeds the amount needed for hydration reactions to occur. Adding ex-
tra water improves concrete workability thus allowing for sufficient flow of the material

which is essential for reducing the quantity of pores in the hardened paste; however,
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strength is often sacrificed. Consider the schematic cement pastes in Figure 1.4. Fig-
ure 1.4a depicts a cement paste mixed with a low water to cement (w/c) ratio, for
example, less than 0.3, where the blue areas represent water and white represent ce-
ment particles. Upon hydration, a cement paste with small pores, shown in black in
Figure 1.4b, approximately 2 to 3 pum in size, densely packed CSH hydration products
(shown in grey) and some unhydrated cement grains, as a result of low quantities of
water available for hydration, is formed. Figure 1.4c demonstrates a cement paste
having been mixed with a high w/c ratio (greater than 0.6). Following hydration
(Figure 1.4d), the hardened cement paste is characterized by large interconnected
pores (approximately 10 pum in size, pictured in black), few small unhydrated cement
grains (shown in white), and CSH hydration products (shown in grey).

Increasing the w/c ratio can make mixing, placing, and compacting fresh con-
crete more convenient, as the wet concrete is more fluid and workable. This benefit
is largely outweighed by the negative effects an increased w/c ratio causes in the
composite. Despite the fact that increasing the w/c ratio will decrease the propor-
tion of unhydrated cement grains in the composite, it is coupled with an increase in
porosity that makes the composite more permeable which can be detrimental to steel
reinforcement that is protected from the elements by the surrounding concrete. Also,
as a result of increased porosity, the compressive strength of the composite decreases
with increasing w/c ratio since CSH cannot bridge the larger pores, therefore restrict-
ing the formation of concrete strengthening CSH bonds. A general curve, shown in

Figure 1.5, expresses the graphical relationship between concrete strength and w/c
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Figure 1.4: Effect of water to cement ratio on hardened cement paste. (a) fresh cement
paste with low water to cement ratio,(b) hardened cement with low water cement
ratio, (c) fresh cement paste with high water to cement ratio, and (d) hardened cement
with high water to cement ratio. The colours blue, white, grey, and black indicate
water, unhydrated cement grains, hydrated cement paste, and pores, respectively.

ratio.

1.6 Reinforced Concrete

1.6.1 Why Does Concrete Need Reinforcement?

The American Society of Testing and Materials (ASTM) defines the strength of
a material as the maximum force (e.g., load, stress or strain) that it can withstand

without deformation or structural failure [19]. Concrete, in its hardened state, has
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Strength

Water to Cement Ratio

Figure 1.5: Effect of water to cement ratio on cement strength. Styled after Hewlett
[16].

a high compressive strength (35 MPa) [20,21]; however, it is also brittle, prone to
cracking and has a tensile strength of approximately 10% of its compressive strength.
Tensile strength is defined as the maximum load a material can withstand before it
fractures divided by the initial cross-sectional area of the material [22]. When design-
ing concrete structures, it is assumed that the concrete can withstand compressive
stress but not tensile stress. Therefore, concrete structures that will be placed under

tensile stress must be reinforced to avoid cracking and ultimately structural failure.

1.6.2 Steel Reinforcement

Concrete has low tensile strength; therefore, it is typically reinforced in areas

with excessive tensile stress. This is of particular importance in concrete elements
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such as beams (e.g., in a roof) or a concrete slab in a bridge. When concrete is
suspended, as pictured in Figure 1.6, the horizontal beam or slab experiences both
compressive and tensile strength under its own weight. The compressive stress is
experienced in the upper portion of the concrete while the under side of the concrete
element is stretching apart in tension. Since concrete’s tensile strength is poor in
comparison to its compressive strength, if it is not reinforced in the region experiencing
tensile stress, the structure will crack under its own weight (as seen in Figure 1.6a)
leading to premature failure of the structure. By placing steel rebar in the concrete
during casting, the hardened reinforced composite can withstand both compressive
and tensile stresses, as the steel rebar (which has a tensile strength of approximately
275-500 MPa) can absorb the tensile stress and prolong the life of the structure.

To enhance the bond between the steel and concrete, the bars are typically de-
formed by having raised patterns rolled onto their surface. An advantage of using
steel as a concrete reinforcement is that steel and concrete have similar coefficients
of thermal expansion, thus they react in a similar manner to temperature fluctua-
tions [23]. The fire resistant quality of concrete protects the steel reinforcement in
the event of a fire. Although using steel as a concrete reinforcement has many ad-
vantages, there are also some drawbacks. One of the main issues with using steel as
a concrete reinforcement is that it is susceptible to corrosion due to the presence of
salts in marine areas and, in cold climates, de-icing salts. The high cost of steel and
steel fibres has lead to the study and production of synthetic fibres to be used as a

replacement for steel fibres and rebar as concrete reinforcement. It has been shown
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Figure 1.6: Effect of steel reinforcement in concrete in areas experiencing tensile
stress.

that polymeric fibre reinforcement has been successful in replacing some low level
reinforcement (secondary reinforcement), such as in bridge decks [24,25]. Further
research is required to better understand the bond between concrete and polymeric
fibres. The long term goal in industry is to develop an ultra high performance, cost

effective polymeric fibre which is capable of replacing steel reinforcement.

1.6.2.1 Bentur’s Model of the Steel Fibre Concrete Interface

Bentur and co-workers [26] used scanning electron microscopy to study the steel
fibre concrete interface. They described an interfacial transition zone between the

steel fibre and bulk concrete which is porous and rich in Ca(OH),. Figure 1.7 shows
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a schematic representation of the steel fibre concrete interface. It was estimated
by Bentur et al. [26] that the transition zone is 50 to 100 pm in thickness and is
composed of CSH, ettringite (CgAS3Hsz) and Ca(OH),. The interfacial transition
zone is characterized by a 1 to 2 pum thick duplex film that is in direct contact with
the fibre surface, followed by a 10 to 30 pum thick layer which is occupied by massive
Ca(OH), deposits. The Ca(OH), layer is backed by a porous layer which becomes

denser as it approaches the bulk matrix.

| Ca(OH),

T T T T T T i

Steel Fibre

FEEI TR T ™

Porous Concrete

Bulk Concrete

Figure 1.7: Bentur’s model of the steel fibre/concrete interface, where ITZ is the
interfacial transition zone. Styled after Bentur et. al. [26].

1.6.3 Synthetic Fibre Reinforcement

The intrinsic properties of the fibres themselves have an effect on their ability to
reinforce concrete. Some important properties to be considered when choosing a fibre
for concrete reinforcement are tensile strength, modulus of elasticity, and the bond
with the concrete matrix.

The fibre content is usually less than 1% (by volume) in a concrete matrix, thus

only a small fraction of the fibre is in contact with the cementitious matrix. The
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modulus of elasticity, or Young’s modulus (E), is a measure of a material’s stiffness

(see Equation 1.5), where o is the stress and € is the strain on the material.

(1.5)

a | Q

Fibres possessing a high modulus are ideal for reinforced concrete applications (poly-
meric fibres: approximately 10-20 GPa) as the fibres will carry the entire load when
bridging a crack in the concrete matrix.

The mechanical behaviour of a fibre reinforced concrete composite can be de-
scribed as three stages in a tensile stress-strain curve (shown in Figure 1.8), as de-
scribed by the ACK model [26,27]. These stages include: (a) the elastic stage; (b)
the multiple cracking stage; and (c) the post-multiple cracking stage. In the elastic
stage, both fibre and concrete matrix are within their elastic range with a Young’s
modulus, E.. When the strain on the fibre reinforced composite exceeds that of the
concrete matrix, the first crack occurs at stress, o, and strain, €,,, beginning the
multiple cracking stage. During the multiple cracking stage, fibres act to alleviate
stress in the concrete matrix by accepting load on fibres bridging the cracks, thus
controlling crack formation. Over time, further cracking occurs and the composite
is multiply cracked with bridging fibre reinforcement. At the end of the multiple
cracking stage (enc), the post-multiple cracking stage begins, fibres are stretched and
pulled out of the concrete matrix. In an ideal case, the slope of the stress-strain curve

in the post-multiple cracking region would be E¢V¢, where Eg¢ is the Young’s modulus
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of the fibre and V¢ is the fractional fibre content. When the load bearing capacity of
the composite (€.,) and ultimate tensile stress of the fibre (og,) are reached, failure
occurs. The black curve in Figure 1.8 represents an ideal case of fibre reinforced
concrete in which toughness (area under the stress-strain curve) of the composite is
increased. In contrast, in plain concrete, as shown in the orange curve in Figure 1.8,
the composite fails shortly after the first crack occurs at maximum stress and strain.
The blue curve in Figure 1.8 depicts a stress-strain curve for a typical fibre reinforced

composite containing fibres of low load bearing capacity.
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Figure 1.8: Tensile stress-strain curve for fibre reinforced concrete. The letters (a),
(b), and (c) indicate the elastic, multiple cracking, and post-multiple cracking stages,
respectively (based on the ACK model [27] and styled after Bentur et al. [26]). The
black, orange, and blue curves represent an ideal fibre reinforced composite, plain
concrete, and a fibre reinforced composite with low load bearing capacity.

Toughness, unlike strength which is a measure of the stress required to break a
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material, is defined as the energy required to break a material. In a stress-strain
curve, the area under the curve indicates the toughness of the material. The bond
between fibres and concrete is of utmost importance when determining a fibre’s ability
to toughen concrete. The relationship between toughness and the interfacial bond
strength is shown in Figure 1.9. If the bond strength is less than the critical bond
strength, 7., fibres pull-out of the matrix before they can contribute to the concrete
composite toughness. An example of a fibre that exhibits weak bond with concrete
is nylon [28,29]. If the bond strength is greater than 7., the fibre tends to break
before pulling out of the concrete, thus the toughness of the composite is limited by
the strength of the fibre itself. An example of a fibre that exhibits a strong bond
with concrete is poly(vinyl alcohol) (PVA) [5,30]. In the ideal case, a fibre with high
tensile strength and a bond strength near but less than 7. will result in a composite
toughened by fibre which absorbs energy and slowly pulls out of the cementitious

matrix.

1.6.3.1 Review of Polymeric Fibres Used as Concrete Reinforcement

In recent years, many polymeric fibres have emerged as suitable concrete reinforce-
ment. A suitable reinforcement must have high tensile strength and high resistance
to the harsh alkaline environment of concrete. The following section is a short re-
view of current polymeric fibres used for concrete reinforcement. Table 1.2 gives the
physical properties of synthetic fibres used in concrete reinforcement as well as steel

and glass for comparison purposes. Synthetic fibres that have been used as a concrete
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Figure 1.9: Toughness vs. interfacial bond strength in fibre reinforced concrete. Styled
after Bentur and Mindess [26].

reinforcement over the past few decades include carbon, polyamide, polyester, acrylic,
poly(vinyl alcohol), and polyolefin. Carbon fibres have high tensile strength (2.6 GPa)
and elastic modulus (14-20 GPa) [31]. Carbon fibres are also highly resistant to the
concrete alkaline environment and have a moderate bond with the concrete matrix.
Although these properties are ideal for concrete reinforcement, the fibres are not used
commercially because of their high cost.

Another alternative used is polyamide fibre. A common example of this fibre
class is nylon. Polyamide fibres have a high tensile strength, resistance to alkaline
environments, and, unlike carbon fibres, they are reasonably priced. The drawback

to polyamide fibres is that they have low bonding with the concrete matrix [28,29].
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Table 1.2: Physical properties of fibres used for concrete reinforcement applications

Fibre Elastic Modulus /GPa  Tensile Strength /GPa  Reference
acrylic 14-20 0.4-1.0 [20]
carbon 14-19.5 0.4-1.0 [31]
glass 80 2-4 [31]
Kevlar 133 2.8 [31]
nylon 4 0.9 [20]
polyester 41.8 0.3 [32]
polyethylene 5 0.2-0.3 [32]
polypropylene 5 0.5 [31]
poly(vinyl alcohol) 20-25 1.2-1.5 [20]
steel 200 1-3 [31]

Polyester fibres are hydrophobic in nature, thus the bonding with the concrete
matrix is assumed to be purely mechanical; however, the bonding is low. The cost
of the material is reasonable and its tensile strength and modulus of elasticity are
relatively good. Despite these qualities, polyester fibres are susceptible to degradation
in alkaline environments, via hydrolysis of ester linkages, making them unsuitable for
concrete reinforcement [33].

Acrylic fibres typically have an elastic modulus between 14-20 GPa and tensile
strength of 0.4-1.0 GPa. Acrylic fibres exhibit good bond with concrete; however, they
are subject to hydrolysis of the nitrile groups in the basic cementitious environment.

Poly(vinyl alcohol) fibres, due to the presence of hydroxyl functional groups in
their chemical structure, are hydrophilic which contributes to a strong bond between
the fibre and concrete matrix. This strong bond can result in fracture of PVA fibres
prior to pulling out of the concrete matrix, thus the fibre can no longer contribute
to the composite toughness. PVA fibres, which have high eleastic modulus (20-25

GPa), were initially developed as a replacement for asbestos fibres [34,35] which were
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phased out for use in fibre reinforced concrete applications due to the health risks
they pose [2].

Polyolefin fibres, such as polyethylene and polypropylene, are hydrophobic and
exhibit low bonding with the concrete matrix, but are highly resistant to the al-
kali cementitious environment. Polyethylene filaments are commonly made with low
density polyethylene (LDPE) which is easier to produce and lower in cost in compar-
ison to high density polyethylene (HDPE). Polypropylene fibres have a higher tensile
strength (approximately 500 MPa) than polyethylene (approximately 200-300 MPa).
Both polypropylene and polyethylene have low cost which makes them desirable ma-
terials for concrete reinforcement if the bonding issue can be addressed.

Trottier et al. [24,36] developed a polyolefin fibre that is a blend of polypropy-
lene and polyethylene. As mentioned previously, polyolefin fibres typically exhibit
poor bonding in cementitious matrices; however, the current fibre addresses this con-
cern [24,37]. Due to the immiscibility of polypropylene and polyethylene, when the
fibres are agitated through the concrete mixing process, they undergo progressive fib-
rillation. During mixing, the fibre maintains its monofilament character until the fibre
is uniformly distributed throughout the cement, which avoids the undesirable balling
effect. The fibrillation increases the fibre’s surface area by approximately 20%, which
increases the mechanical bond between the fibre and concrete. The current com-
mercial fibre has strength of 650 MPa and Young’s modulus of 9.5 GPa (the target
for the next generation polymeric fibre is 15-20 GPa). The current fibre is shown

to effectively improve crack resistance, crack control, thermal expansion, contraction



resistance and flexural toughness [24].
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Chapter 2

Experimental Methods

This chapter serves as a brief introduction to nuclear magnetic resonance, infrared,
and ultraviolet-visible spectroscopies and the scanning electron microscopy/energy

dispersive spectroscopic technique, in the context used in this work.

2.1 Nuclear Magnetic Resonance Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy studies the interaction of nuclei
in a sample with electromagnetic energy (in the radio-frequency range), while the
sample is in the presence of an external magnetic field. The magnetic field splits the
energy levels of the nuclear magnetic dipoles while local magnetic interactions shift
them slighty. The result is a spectral fingerprint of the local bonding environment.
In the liquid state, where molecules tumble rapidly, NMR spectra are typically well
resolved and consist of sharp resonances. The high resolution is the result of orienta-
tional averaging as the liquid molecules tumble rapidly. In the solid state, however,
samples are typically in a powdered form in which the crystallite orientations are
static. Due to orientation dependent effects, solid state NMR spectra are generally

broad in comparison to liquid state spectra and if spatial effects are not suppressed
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it is sometimes impossible to extract useful structural data from the spectra.

An important source of both information and linebroadening in solid state spec-
tra is chemical shift. The electrons near a nucleus are affected by the presence of
the external magnetic field and circulate to produce a secondary field, which has the
potential to alter the resonance frequency of the nucleus. The interaction of the sec-
ondary field and the nuclei results in chemical shielding and the shift in the resonance
frequency caused by the field is called the chemical shift.

Dipole-dipole coupling is a direct through space interaction between one nuclear
spin with the magnetic field generated by another nuclear spin. In the liquid state
this effect is averaged away due to tumbling. In the solid state, on the other hand,
nuclear spins are fixed in place and the dipolar interaction has a broadening effect on
NMR spectra.

A quadrupolar nucleus (e.g., 2"Al or 43Ca) has an ellipsoid type shape and a nu-
clear spin greater than 1/2. Due to the non-spherical distribution of nuclear charge,
quadrupolar nuclei interact with the electric field gradients in a molecule. This inter-
action also broadens the resultant NMR spectrum.

To achieve high resolution solid state NMR spectra it is necessary to remove
the orientation dependent effects. In solid state NMR, this is routinely achieved
by spinning the sample at the magic angle (54.74°) to effectively reduce the spatial
dependence of the chemical shielding anisotropy and dipolar coupling, which greatly
enhances the quality of the NMR spectra. For half integer spin quadrupolar nuclei,

of the type considered here, the first-order quadrupolar interaction vanishes for the
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central transition.

2.1.1 Single Pulse Excitation and Cross-Polarization NMR

Single pulse excitation (SPE) NMR is a single resonance experiment in which
the signal of the nucleus of interest is observed directly; for instance, in an SPE
13C NMR experiment, a pulse is applied to all *C nuclei in the sample and the
resultant spectrum consists of resonances corresponding to all *C species in the
sample. SPE NMR experiments can be very time consuming for nuclei that have
low natural abundance and/or long relaxation times. On the other hand, SPE is
quantative in that all nuclei contribute to the signal, proportional to their population.
Cross-polarization (CP) is a double resonance NMR technique that is typically used
to observe dilute nuclei. Dilute nuclei, for example,*C and *3Ca, are low in natural
abundance and often also have low gyromagnetic ratio and long relaxation times, all
of which make observing these nuclei through SPE techniques difficult. The CP NMR
technique exploits the dipole-dipole interactions between a high natural abundance
and gyromagnetic ratio nucleus, which has a comparatively shorter relaxation time,
and the dilute nucleus.

For instance, consider a CP NMR experiment between an abundant nucleus, 'H,
and dilute nucleus, *C (see Figure 2.1). A pulse is applied on 'H and when both 'H
and '3C nuclei precess at the same frequency satisfy the Hartmann-Hahn matching
condition [38] (see Figure 2.2a) during a contact period (spin locking) [38], the mag-

netization can be transferred from 'H (excited nucleus) to the 3C (observed nucleus),
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if the nuclei are coupled via dipole-dipole interactions. Figure 2.2b shows a schematic
diagram of the build-up of magnetization as a function contact time. The drawback
to CP is that it emphasizes nuclear pairs that are in close proximity and gives little
signal for nuclei far from the abundant species. CP is therefore not quantitative.

(/2)
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Figure 2.1: Cross-polarization schematic diagram. Styled after Duer [39].

Although the most common use of the CP NMR techniques is to observe dilute
nuclei, it can also be used to obtain information about nuclei in close proximity to
the excited nucleus. As discussed above, dipole-dipole coupling is a through-space
interaction, therefore, nuclei which are in close proximity to the excited nucleus couple
strongly, and a more intense CP signal is observed as a result of magnatization transfer
than nuclei that are distant from the excited nucleus. It is speculated that by using the
CP NMR technique the chemistry at the polymeric powder/white cement interface

can be probed on the small scale (angstroms from the polymer surface), through the
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Figure 2.2: Hartmann-Hahn matching (a) and magnetization transfer in a cross-
polarization NMR experiment (b). Styled after MacKenzie and Smith [40].

transfer of magnetization between different polymeric and cementitious nuclei.
Finally, both SPE and CP excitation methods can be combined with magic angle
spinning to suppress chemical shift and quadrupolar broadening in order to yield

maximal spectral resolution.

2.1.2 Choice of Cement for NMR Study

In the preliminary stages of this work, NMR samples were prepared using regular

and white Portland cement. The major difference between regular and white cement
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is highlighted in Table 2.1. White cement contains approximately 0.3% Fe,O, while
regular cement contains 2.0% Fe,O4, which imparts the grey colour of regular cement.
Iron (Fe®"), being paramagnetic, introduces unpaired electrons into the system which
can be problematic for NMR studies. The unpaired electrons can couple with nuclei
in the sample to significantly broaden NMR spectra. For this reason and as a result
of preliminary testing, white cement was chosen as the cementitious matrix for this
work as it is speculated that white cement behaves the same chemically as regular

cement.

Table 2.1: Comparison of calcium, silicon, aluminum, and iron oxides in regular and
white cement

Compound Regular Cement (%) White Cement (%)
CaO 63.1 65.5
Si0, 21.1 22.5
ALO, 5.3 1.42
Fe,0, 2.0 0.3

2.1.3 NMR Active Nuclei in Cement

In this work, a variety of nuclei present in cementitious materials and polymers
were studied namely: 'H, BC, F, 27Al, 2Si, and **Ca.

Protons are abundant in cementitious matrices and present in many of the poly-
mers studied in this work. Although 'H is a spherical nucleus and is essentially 100%
natually abundant, its strong homonuclear dipole coupling causes broad signals and
prevents the determination of structural information. Since protons are of high nat-

ural abundance and are also abundant in the cementitious samples, protons were
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excited and exploited via CP NMR experiments to enhance the observation of *C
nuclei. 3C is a common nucleus of study in NMR; however, it is plagued by its low
natural abundance and is therefore often observed with the aide of CP NMR exper-
iments. YF, which is present in the fluoropolymers used in this work (discussed in
Chapters 5 and 6), is an easy nucleus to study with a 100% natural abundance and
spherical shape. 27Al nuclei, present in cementitious matrices, are 100% naturally
abundant; however, these nuclei are difficult to study due to their large quadrupolar
interactions which serve to broaden the NMR resonances. 2°Si nuclei have low nat-
ural abundance and long relaxation time which couple to create long data aquistion
times. The ?Si nucleus was studied in this work only for the EVA /white cement
system (discussed in Chapter 3). Studying *3Ca with NMR spectroscopy presents
special challenges. Table 2.2 compares the nuclear properties of *3Ca to the other
nuclei studied in this work (*H, 3C, 19F, 27Al, %Si). 43Ca has a natural abundance of
0.14% which is substantially less than that of 'H (99.99%) and 3C (1.07%). Not only
does #3Ca have low natural abundance, but it is also a quadrupolar nucleus and as
such #3Ca NMR spectra suffer from quadrupolar broadening. *3Ca has a low Larmor
frequency thus it is difficult to tune probes to achieve this frequency. With this in
mind, as the magnetic field strength is increased, the frequency is higher and thus
more easily tuned. All *3Ca experiments presented in this dissertation were carried

out at a magnetic field strength of 21.1 T.
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Table 2.2: Comparison of 'H, ¥C, YF, 27Al, #Si, and **Ca nuclear properties [39,40]
Larmor Frequency /MHz
Nucleus Spin Natural 94T 164T 21.1T Quadrupole Moment

Abundance /% / mb
'H 1/2 99.99 400.1  700.1 900.1
13C 1/2 1.07 100.6  176.0 226.3
YR 1/2 100 376.5 658.8 846.9
2TAL 5/2 100 104.3 1824 234.5 146.6
2Gi 1/2 4.70 79.5  139.1 178.8
BCa 7/2 0.14 26.9 47.1 60.6 -49.0

2.2 Infrared Spectroscopy

In the mid-infrared region of the electromagnetic spectrum, molecular vibrations
(e.g., stretches and bends) occur in the wavelength range of 0.00025 to 0.0025 cm.
For simplicity, the mid-IR region can be defined in terms of wavenumber (cm™!) from
4000-400 ecm~!. By exciting molecular motions in a molecule and analyzing the IR
light which has been transmitted through the sample, the functional groups present
within the sample can be distinguished and can therefore be a useful tool to identify
structural characteristics of unknown samples. In this work, a Nujol mull was created
by grinding polymeric powder with a mortar and pestle with Nujol mineral oil. One
drop of the sample mixture was placed at the centre of NaCl salt disc and another
NaCl disc was used to sandwich the sample mull and create a thin layer suitable for
transmission analysis. Using this method, spectra were acquired from 4000-600 cm ™1
of Nujol, PVDF /Nujol, and dehydrofluorinated PVDF /Nujol (as shown and discussed

in Chapter 5). Experimental conditions used in this work are described in further

detail in Chapter 5, Section 5.3.2.
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2.3 Ultraviolet-Visible Spectroscopy

The ultraviolet-visible (UV-Vis) spectroscopic technique examines electronic tran-
sitions within a material. The ultraviolet region of the electromagnetic spectrum lies
between 40-390 nm while the visible region is between 390-760 nm. UV-Vis radia-
tion can excite a valence electron in a molecule from the highest occupied molecular
orbital (HOMO) to the lowest unoccupied molecular orbital (LUMO). These energy
level transitions become particularly effective in conjugated systems (alternating sin-
gle and double bonds), where increased conjugation and delocalized electrons cause
the wavelength absorbance maximum to shift to longer wavelength. Samples which
exhibit colour absorb their complimentary colour in the visible region of the electro-
magnetic spectrum. The UV-Vis technique was employed (experimental conditions
described in Chapter 5, Section 5.3.4) in this work to characterize a product of the

chemical reaction between PVDF powder and aqueous NaOH.

2.4 Scanning Electron Microscopy/Energy Dispersive Spectroscopy

The scanning electron microscope (SEM) uses a focused beam of electrons to pro-
duce high resolution images of a sample surface. The electron beam interacts with
the atoms in the sample causing inner shell electrons to be ejected, which are called
secondary electrons. A higher energy outer shell electron emits an X-ray, as it relaxes

to the core level, which is characteristic of the energy difference between the two shells
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and thus of a particular element. The secondary electrons produced from the interac-
tion of the electron beam with the sample, are collected by the electron detector and
imaged with a cathode ray tube. A SEM can typically examine sample surfaces at
magnifications between 30x and 500,000 with a resolution on the nanometre scale.
Figure 2.3 shows a schematic diagram of a SEM electron column that is composed
of an electron gun, electromagnetic lenses, electron deflection system (scan coils) and
detectors (electron and X-ray). A common electron gun for SEM is the tungsten-hair
pin electron gun. The electron gun consists of a cathodic tungsten-hair pin wire fil-
ament that generates electrons, which are accelerated through the anode aperture.
The voltage difference between the cathode and anode is called the accelerating volt-
age. The accelerating voltage, typically between 0.1-30 kV, determines the energy
and wavelength of the electrons that travel down the electron column. Once the elec-
trons exit the anode aperture, they are focused to achieve a small spot size (less than
10 nm) by the electromagnetic lenses which are controlled by varying their current.
The focused beam of electrons then enters the deflection system in which the scan-
ning coils deflect the beam such that it moves across the sample in a controlled raster
pattern. Resulting electrons and X-rays, from the beam-specimen interactions, can
be detected to create an electron image or an elemental map of the sample surface,
respectively.

The SEM imaging technique is commonly coupled with an energy dispersive spec-
troscopy (EDS) system creating an SEM /EDS technique in which elementally charac-

teristic X-rays emitted by a sample can be collected, sorted by energy, and analyzed
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Figure 2.3: Schematic diagram of the electron column in a scanning electron micro-
scope. Styled after Goldstein et al. [41].
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to produce an elemental map as a function of position of a sample area. Using the
SEM/EDS technique, searching a selected surface area for the presence of all ele-
ments in the periodic table only takes minutes. Mapping produces a grey scale map
in which the pixel value corresponds to the number of X-rays which enter the detector
within particular energy range, which gives an idea of the elemental distribution in
the sample area. Figure 2.4 shows an example of an electron image and its corre-
sponding elemental map. EDS can analyze X-rays in the 0.7-20 kV range; however,
it cannot analyze light elements (atomic numbers less than 5). The spatial resolution
in a SEM/EDS map is typically between 1-5 um [42,43]. he experimental conditions

used in this work are described in further detail in Chapter 6, Section 6.3.2.

Figure 2.4: SEM/EDS comparison of the steel fibre/white cement interface in an (a)
electron image and (b) a Fe elemental map.

2.4.1 Studying the Fibre/White Cement Interfacial Transition Zone via

SEM/EDS

To enhance the spatial resolution in SEM/EDS experiments, it is important to

consider the interaction volume between the electron beam and the specimen as well
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as the spot size of the focused electron beam.

Figure 2.5 shows the relationship between the accelerating voltage, as well as
the average atomic number of the sample, with the interaction volume between the
electron beam and the specimen. Increasing the accelerating voltage, in theory, re-
duces the wavelength of the electron beam which allows for a smaller spot size to be
achieved; however, higher voltages also increase the interaction volume. Biological
and polymeric samples are typically examined with low accelerating voltages between
5-15 kV. The majority of samples in this work are polymeric fibre/cement composites,
thus an accelerating voltage appropriate for polymeric materials was chosen within
this range (12 kV). The interaction volume is also affected by the composition of
the sample. Samples with low average atomic number allow for a larger interaction
volume while samples composed of material of high average atomic number produce
comparatively smaller interaction volumes. Considering a cementitious matrix with
main elemental components of Ca, Al, Si, O, and Fe, the average atomic number
would be 16. Using a low accelerating voltage (12 kV) and having samples with an
estimated average atomic number of 16, the interaction volume between the specimen
and electron beam will be between cases a and b in Figure 2.5.

Figure 2.6 demonstrates the effect of spot size on resolution. If a small condenser
lens is chosen, a large spot size is produced reducing resolution. By choosing a larger
condenser lens to focus the electron beam, a small spot size is achieved resulting in
comparatively better resolution. In this work a condenser lens setting of 5 was chosen

to ensure a small spot size was achieved.
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Figure 2.5: Effect of accelerating voltage and average atomic number on the interac-
tion volume in an SEM/EDS experiment. (a) low accelerating voltage, high atomic
number, (b) medium accelerating voltage, atomic number, and (c) high accelerating
voltage, low atomic number.
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Figure 2.6: Effect of spot size on interaction volume and resolution. (a) small con-
denser lens creates a large spot size, decreasing resolution and (b) large condenser
lens creates small spot size, increasing resolution.
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Considering Bentur’s model of the steel fibre/concrete interface (introduced in
Chapter 1), to successfully study the composition of the interfacial transition zone
surrounding the steel and polymeric fibres using the SEM/EDS method, the samples
must be viewed under high magnification, such that the fibre edge and approximately
20-250 pm of the surrounding cementitious matrix can be viewed simultaneously,
and a micron sized resolution can be achieved to resolve possible layers of Ca(OH),
as suggested by Bentur and co-workers [26]. Using the SEM/EDS technique, and
satisfying the above mentioned conditions, the interfacial transition zone surrounding
steel, HDPE/PP, PVA, PVDF, PEI, and Nylon 6.6 fibres was studied by elemental

mapping. The results of this study are discussed in Chapter 6.



Chapter 3

Poly(ethylene-vinyl acetate) (EVA) Powder/White Cement

NMR Study

3.1 Background

The binding component in concrete is a cementitious matrix, composed of oxides
of calcium, silicon, aluminum, and iron, that undergoes a series of complex chemical
reactions upon the addition of water to form a hardened stone-like material [14, 16].
The versatile nature of cementitious mortars and concrete composites can be, in
part, attributed to the use of admixtures. Admixture is defined as a material that is
added to cement immediately before or during the mixing stage (other than water,
aggregate or hydraulic cement) [15]. There are numerous classifications of admixtures;
for example, accelerating, retarding, and air-entraining, which act to modify the
properties of the cement and ultimately the final concrete composite.

Poly(ethylene-vinyl acetate) (EVA) is a specialty admixture that, due to its cost
and high required quantities (10% by weight of cement), is most frequently used in
latex-modified mortars rather than concrete [16]. Latex-modified mortars are typi-

cally used in adhesive, repair, flooring and paving applications [44]. Despite the wide

40
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use of EVA admixture to improve mortar properties such as impermeability, frac-
ture toughness and bond strength, the nature of the interactions between the cement
matrix and EVA are not well understood and therefore have been subject of recent
interest [45-48].

Silva et al. [45] used infrared spectroscopic and thermogravimetric analysis to
study EVA hydrolysis in cementitious matrices. This study reported that EVA hy-
drolysis was not complete but formed terpolymer and calcium acetate products. From
the thermogravimetric study, it was concluded that EVA greatly reduces the Ca(OH),
formation in the cement hydration process. This study put forth evidence for chem-
ical interactions between the OH groups of the EVA hydrolysis product and Ca?"
in cementitious matrices. Rottstegge and co-workers [46] used '3C cross-polarization
(CP)/magic angle spinning (MAS) solid state NMR, spectroscopy to study the hydrol-
ysis of EVA latex in mortar. The differences (spectral broadening of the CHO and CH,,
resonances) in the *C CP/MAS NMR spectra of the control sample (EVA/mortar
unhydrated) and the EVA in hydrated mortar were attributed to partial EVA hydrol-
ysis. In this study, however, no 3C CP/MAS signal attributable to the formation of
Ca(CH;CO0O0), was observed. Betioli et al. [47] used differential thermogravimetric
methods to study the chemical interaction between EVA and Portland cement in the
early stages of hydration (15 minutes to 24 hours). They observed bands which were
attributed to the decomposition of Ca(CH3COO), and ultimately concluded that EVA
reduces the formation of Ca(OH), as a result of EVA hydrolysis and Ca(CH3COO),

formation. Mansur et al. [48] studied the hydrolysis of EVA in a cementitious matrix
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using F'T-IR spectroscopy and presented an “extension of hydrolysis” parameter that
was determined from the ratio of areas under the carboxylate to the C=0 or ether
peak. It was concluded that hydrolysis of EVA admixture in mortar is of utmost
importance to the formation of adhesion between mortar and ceramic tile (hydrogen
bonding between OH from terpolymer hydrolysis product and silanol groups on the
surface of the ceramic tile).

The objective of the present study was to monitor the hydrolysis of EVA admixture
in a hydrating white cement matrix. EVA re-dispersible latex was mixed into white
cement paste and hydrated for pre-determined times over a 3 month period. Using
single pulse excitation (SPE) 3C NMR spectroscopy, resonances indicative of EVA
carbonyl (168 ppm) and the calcium acetate hydrolysis product carbonyl (181 ppm)
were monitored and a kinetic model was determined. SPE #*Ca NMR was used to
determine if changes in cementitious calcium sites, specifically Ca(OH),, occur as a
result of the presence and hydrolysis of EVA. SPE and CP 2°Si NMR experiments
were used to study any structural changes or chemical interactions involving silicon,
which occur as a result of the addition of EVA latex to white cement paste. These
studies give insight into the stability of EVA admixture as well as possible structural
changes in the hardened cementitious matrix with respect to EVA hydrolysis over

time.
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3.1.1 Sample Preparation

Cement pastes were prepared using white Portland cement (Federal White Ce-
ment), distilled water, and EVA water re-dispersible latex (DLP 2000, Dow Chemical
Company). To introduce a significant amount of interface at which the hydrolysis
reactions can take place, the EVA latex (1 pum particulate size) was added to white
cement paste at 20% cement weight. A water to cement ratio of 0.40 was chosen to
ensure optimum hydration and a densely packed hardened composite [14].

EVA latex was dry-mixed into cement followed by the addition of water. The
cement paste was mixed with a light duty mixer (Arrow 6000) until a smooth con-
sistency was achieved (approximately 2 minutes). Specimens were cast in silicone
moulds and sealed in a plastic container for 1 day at which time they were removed
from the moulds and sealed in a plastic container for the remainder of their hydration
period. At pre-determined hydration times, samples were frozen in liquid nitrogen
and lyophylized to remove all free water present, thus effectively stopping the hydra-
tion process [47]. In this manner, samples with the following hydration times were
prepared: 0.25, 0.50, 1, 2, 3, 4, 5, 6, and 12 hours and 1, 2, 4, 7, 12, 15, 22, 28, 32,
48, 56, and 84 days. All samples were stored in a Ny atmosphere until NMR analysis
could be conducted.

During preliminary stages of this work, white cement control and EVA /white
cement samples were prepared with D,O instead of H,O to reduce the 'H content in

the cementitious matrix to facilitate the isolation of the EVA /white cement interface
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by creating a heteronuclear pair for study in which one nucleus is associated with the
polymer and the other the cement. White cement paste with a D,O to cement ratio
of 0.5 was used to cast white cement control and EVA/white cement (containing
10% EVA by cement weight) specimens. Samples were hydrated in sealed plastic

containers for one week and were then ground to a powder for NMR analysis.

3.1.2 Experimental

All B¢ experiments were conducted on a 400 MHz Bruker Avance NMR spec-
trometer, operating at a magnetic field of 9.4 T (Larmor frequencies of 400.240 and
100.655 MHz for 'H and '3C, respectively) using a 4 mm probe. Samples were spun
up to 8 kHz to characterize spinning sidebands and isotropic frequencies. Spectra
were referenced to the carbonyl resonance of glycine at 176.06 ppm as a secondary
standard. SPE 3C NMR spectra were acquired after a 5 pus 90° pulse with 5120
scans using a 5 s recycle delay with proton decoupling. No attempt was made to
determine '3C relaxation times. Data were background corrected by subtracting the
signal from an empty rotor. Data were processed with linebroadening of 100 Hz. '3C
CP/MAS NMR spectra were acquired with a 4 us 90° pulse on 'H, 2048 scans with
a recycle delay of 3 s, a contact time of 2.6 ms with TPPM proton decoupling. Data
were processed with linebroadening of 100 Hz.

SPE **Ca NMR spectra were obtained with a 900 MHz Bruker Avance II NMR

spectrometer, operating at a magnetic field of 21.1 T (Larmor frequency of 60.576 MHz)



45

using a 7 mm single channel probe after a 1 us 40° pulse. Each spectrum was ac-
quired with 81,920 scans with a recycle delay of 2 s at a spinning frequency of 5 kHz.
Spectra were referenced to 2.0 M CaCl, at -14 ppm consistent with Bryce et al. [49].
Data were processed with linebroadening of 200 Hz.

All 2°Si experiments were conducted on a 700 MHz Bruker Avance NMR spectrom-
eter, operating at a magnetic field strength of 16.4 T (Larmor frequecies of 139.114
and 700.289 MHz for 2°Si and 'H, respectively) using a 4 mm probe. Samples were
spun at 10 kHz and the chemical shift scale was referenced to kaolin at —91.34 ppm.
SPE 29Si NMR spectra were acquired after a 7 us 90° pulse with a recycle delay of
35 s and a total of 6144 averaged scans. 2°Si CP/MAS NMR spectra were acquired
following a 4 s 90 ° pulse on 'H, 2048 scans with a recycle delay of 10 s, and a contact
time of 5 ms. Data were processed with 50 and 100 Hz linebroadening for SPE and

CP/MAS NMR experimental data, respectively.

3.2 Results and Discussion

Consistent with the literature [50], the following mechanism and overall reaction
for the hydrolysis of EVA in a cementitious matrix (Figure 3.1) is proposed.

EVA hydrolysis proceeds via a nucleophilic acyl substitution pathway that is de-
scribed by second order kinetics [51]. As shown in Figure 3.1a, the OH ~ nucleophile
attacks the ester functional group promoting acyl-oxygen cleavage that results in the
formation of an alcohol and a carboxylic acid. More specifically (see Figure 3.1b),

in an alkaline environment, such as that of cement paste (pH 13), the vinyl acetate



46

a
o
H, Hy OH" gz gz gz
c c 1 1 .
/{/ \CH \CH}/ 7| e —»% \CH \CHH \CH% " ©
Hp ' x y  ow HzTx ez g
5 | OH | | o
HaC ca? 0
o o OH
HsC H:C\( >—CH3
o
o) o

Figure 3.1: Proposed mechanism (a) and overall reaction (b) for saponification of
EVA in white cement during hydration.

unit of EVA undergoes partial hydrolysis producing a terpolymer, poly(ethylene-
vinyl acetate-vinyl alcohol), and a calcium acetate salt, Ca(CH3COO), [45-48]. The
consumption of Ca’* through Ca(CH3COO), formation decreases the formation of
Ca(OH), [45]. Betioli et al. [47], using thermogravimetric methods, observed the de-
composition of the Ca(CH3COO), species in the early stages of hydration (within
24 hours). Using 3C CP/MAS solid state NMR methods, Rottstegge et al. [46]
attributed line broadening in CH; and CHO resonances to partial EVA hydrolysis;

however, no Ca(CH3COO), resonance was observed.

3.2.1 NMR Studies

Cements contain many NMR active nuclei. To study the chemical interactions

between EVA and white cement, *C and #3Ca NMR spectroscopies were applied.
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While C and ?%Si are comparatively easy nuclei to study, the “Ca nucleus presents
a challenge due to its low natural abundance (0.135 %), quadrupolar magnetic spin
(I=7/2), and low Larmor frequency (26.929 MHz at 9.4 T). For these reasons, the
occurrence of literature in this area has been moderate [40,52-60] until very high field
NMR spectrometers (Larmor frequency of 60.579 MHz at 21.1 T) became available
making this nucleus more attractive for enriched [61] and natural abundance [49, 62—

67] studies.

3.2.1.1 SPE *C NMR

The SPE C NMR spectrum of EVA (Figure 3.2) agrees with the literature [46]
and contains characteristic resonances at 21 ppm (CHj), 34 ppm (CHy), 68 ppm
(CHO), and 170 ppm (C=0). If EVA undergoes hydrolysis and Ca(CH3COO); is
formed, new resonances between 175-190 ppm, specifically 181 ppm (Ca(CH;COO), - %HQO)
and 186 ppm (Ca(CH,COO),-H,0) would be observed [68,69]. SPE “C NMR
spectroscopy was used to monitor the saponification of EVA and the formation of
Ca(CH3COO), over a period of 3 months. Figure 3.3 shows the SPE B¢ NMR spec-
tra of EVA /white cement pastes at 1, 2, 4, 7, 12, 15, 22, 28, 32, 48, 56, and 84 days of
hydration. At a hydration time of 1 day (and all those tested prior to 1 day), there is
no apparent resonance from Ca(CH3COO),; however, between hydration times of 1
and 84 days the Ca(CH3COOQ), resonance (181 ppm) becomes evident and increases
over time. There is no significant contribution to the 3C spectra from cementitious

carbonyl species (see Figure 3.4a), between 190-160 ppm, therefore, the resonance at
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181 ppm (see Figure 3.4b) was confidently assignmend as the Ca(CH;COO), carbonyl
resonance. Similar to the results of Rottstegge et al. [46], spectral broadening of CHO

and CHj resonances is observed which further reflects the effect of EVA hydrolysis.
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Figure 3.2: SPE C NMR spectrum of EVA.
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Figure 3.3: SPE BC NMR spectra of EVA /white cement at various stages of hydra-
tion. (a) 1 day, (b) 2 days, (c) 4 days, (d) 7 days, (e) 12 days, (f) 15 days, (g) 22
days, (h) 28 days, (i) 32 days, (j) 48 days, (k) 56 day, (1) 84 days.
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Figure 3.4: SPE "*C NMR spectra of (a) hydrated white cement and (b) EVA /white
cement at 56 days hydration.

3.2.1.2 13C CP/MAS NMR

For comparison with the Rottstegge study [46], 13C CP/MAS spectra were col-
lected at various hydration times.

Figure 3.5 shows the *C CP/MAS spectra of EVA /white cement systems at 2,
4,22, 28, 56, and 84 days of hydration. These spectra clearly show the resonance at
181 ppm that is attributed to the Ca(CH;COO), EVA hydrolysis product. Also, in
the CP spectra spectral broadening of the CHO and CH,, similar to that observed in
the Rottstegge study, was observed. For the purposes of this experiment, kinetic data
were extracted from the SPE *C NMR spectra only, as the integrated intensities of
the resonances in the *C CP/MAS spectra are dependent on the magnetization that

can be transferred from nearby protons in the cement and in EVA.
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Figure 3.5: 13C CP/MAS NMR spectra of (a) 2, (b) 4, (c) 22, (d) 28, (e) 56, and (f)
84 days hydration (* spinning side bands).

3.2.1.3 SPE **Ca NMR

The formation of Ca(CH3COQO), during the hydrolysis of EVA creates a new cal-
cium environment in the cementitious system and it was desired to detect it with BCa
NMR spectroscopy. The SPE B0a NMR spectra of white cement (7 day hydration),
EVA /white cement (1 day hydration), and EVA /white cement (28 day hydration)
are shown in Figure 3.6. Given the low signal-to-noise ratio the three spectra are
essentially identical. They all show a broad resonance between 55 and —10 ppm.
Whether there is additional signal in the EVA-cement samples between 100 ppm and
55 ppm is questionable.

The major component of hydrated cement paste is CSH. Taylor et al. [14,70,71]
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Figure 3.6: SPE “*Ca NMR spectra of (a) white cement (7 day hydration), (b)
EVA /white cement (1 day hydration), and (¢) EVA/white cement (28 day hydra-
tion). The Ca(OH), region is pictured in blue (peak maximum of 53 ppm), jennite is
pictured in red (broad resonance between 0 and 62 ppm) and tobermorite is pictured
in green (resonance at -10 ppm).

postulated that the structure of CSH is like that of tobermorite or jennite (struc-
tures introduced in Chapter 1). Both exhibit a layered structure in which a sublayer
composed of CaO, and CaO—OH linkages, for tobermorite and jennite respectively,
is sandwiched between Si;O4H chains. The interspace between the silicate chains is
composed of Ca, -8H,O (for tobermorite) and Ca, -6 H,O (for jennite) [16]. Bowers
et al. [64] studied the calcium environments in crystalline tobermorite, jennite, and
Ca(OH), using **Ca NMR at the same magnetic field strength as this study. They
found that the **Ca NMR spectra for tobermorite give resonances between 0 and
—40 ppm with maxima at -10 ppm and for jennite between 5 and —60 ppm with
maxima at 24 ppm. In their results, the resonances of tobermorite and jennite do

not overlap. They also investigated Ca(OH), resonances between 30 to 70 ppm with a
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peak maximum at 60 ppm which only partially overlaps with the jennite resonances.
The ¥Ca NMR spectra of EVA /white cement composites, presented in this work, are
essentially a summation of the spectral features of tobermorite, jennite, and Ca(OH)s.
Consistent with Bowers et al. [64], resonances were assigned as a broad jennite res-
onance between 0 ppm and 62 ppm with an apparent peak maximum at 31 ppm,
the tobermorite resonance at —10 ppm, and the Ca(OH), peak maximum at 53 ppm.
Bryce et al. [49] shows CaCO; experimental resonances for calcite between 3 to 6 ppm
and for vaterite between 0 and —30 ppm centered at 10 ppm (at 21.1 T magnetic field
strength). These resonances would overlap in the tobermorite region of the spectrum.
Since there are no significant intensity changes in this region, it was concluded that
CaCOj is not significantly contributing to the *Ca NMR spectra which is consistent
with the 3C study. Apparently, based on the *Ca NMR spectra, the presence of the
EVA admixture does not greatly affect the CSH structure or Ca(OH), sites in the
hydrated cement paste.

Wong et al. [65] studied crystalline Ca(CH;COO),-H,O using *3Ca NMR at
14.1 T magnetic field strength and observed resonances at —15.9 and 7.8 ppm corre-
sponding to calcium coordinated to eight and seven oxygen atoms, respectively. Due
to their narrow lines, they conclude only minor quadrupole contributions. Therefore,
lines in similar shift ranges could be expected. There were no new significant signal
intensities in the EVA /white cement samples found in this frequency range. Based on
cement and latex composition, it was estimated that less than 3 % of calcium in the

samples would be in the form of Ca(CH;COO), following cement hydration and EVA
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hydrolysis. With such small amounts of Ca(CH;COO), being formed, coupled with
the likelihood of the Ca(CH;COO), forming in the cementitious matrix being amor-
phous in nature and therefore less well defined, it is not surprising that resonances

attributable to Ca(CH;COO), in the **Ca spectra are not observable.

3.2.1.4 2°Si SPE and CP/MAS NMR

As discussed previously, EVA is commonly used in latex-modified mortars to im-
prove bonding between tile and mortar. Mansur et al. [48,50] studied the chemical
interactions between silanol modified tile and EVA-modified mortar. It was concluded
that the hydroxyl functional groups in hydrolyzed EVA act as a bonding agent be-
tween the Ca-xH,O (where x is 6 for jennite-like CSH and 8 for tobermorite-like
CSH) interlayer in CSH and the silanol modified surface of the tile.

To explore the bonding potential between EVA and the hydroxyl groups on the
CSH silicate chains, 2°Si NMR spectroscopy was employed. Figure 3.7 shows the
29Si SPE NMR spectrum of EVA /white cement after 1 week of hydration with D,O.
Following the assignment by Rottstegge et al. [72], ?°Si resonances are assigned as
Q% (=72.7 ppm), Q' (—80.3 ppm), Q* (—85.7 ppm), and Q?® (—92.7 ppm), where Q"
indicates the number of SiO]  units surrounding a central silicon atom. Figure 3.8
shows the Q" silicon environments for n=0, 1, 2, and 3. The intense Q° resonance
in the SPE spectrum indicates that cement hydrolysis is not fully complete for the
EVA /white cement system in D,O after a period of one week. To examine the in-

teractions between polymeric protons and the silicon sites in the EVA /white cement
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specimens, the CP/MAS NMR technique was employed. Figure 3.9 shows the 2°Si
CP/MAS NMR spectra of EVA /white cement specimens using various contact times
(0.5, 1.0, 2.0, and 5.0 ms). From these spectra, it was determined that the best signal
to noise is achieved with a contact time of 5.0 ms to allow for sufficient magneti-
zation transfer between 'H and Si to isolate the interface between the polymeric
powder and cement. Using a contact time of 5.0 ms, 2°Si CP/MAS NMR spectra of a
white cement control and EVA /white cement were acquired following 1 week of D,O

hydration (shown in Figure 3.10).
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Figure 3.7: Si SPE NMR spectrum of EVA /white cement after 1 week of hydration
with D,O.
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Figure 3.8: Q" silicon centres for n=0, 1, 2, 3.
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Figure 3.9: 2°Si CP/MAS NMR spectra, at various contact times, of EVA /white
cement after 1 week of hydration with D,O. Letters a, b, ¢, and d indicate contact

times of 0.5, 1.0, 2.0, and 5.0 ms, respectively.
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Figure 3.10: 2Si CP/MAS NMR spectra of (a) white cement control and (b)
EVA /white cement after 1 week of hydration with D,O.

In both spectra, resonances of silicon centres, Q' and Q?, can be assigned at ap-
proximately —80 ppm and —86 ppm, respectively. In the spectrum for EVA modified
cement (Figure 3.10b), a Q® resonance was assigned at —92.7 ppm. This Q3 resonance
in the 2°Si CP/MAS NMR spectrum indicates that there are more protons surround-
ing the Q3 silicon sites in EVA modified white cement in comparison to those sites in
the white cement control. These data suggest that there could be hydrogen bonding
potential between the silicon sites in the CSH and hydrolyzed EVA. Figure 3.11 de-
picts a potential hydrogen bonding environment between CSH and hydrolyzed EVA

which could contribute to increased chemical bonding.

3.2.2 Reaction Kinetics of EVA Hydrolysis in Cement

Using the CHj resonance as an internal standard, the ratios of the integrated in-
tensities for the carbonyl and methyl group peaks for Ca(CH3COOQ), (Rca(ci,co0),)

and EVA carbonyl (Rgya) were plotted against hydration time (Figure 3.12). A 10%
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Figure 3.11: Potential hydrogen bonding between hydrolyzed EVA and CSH
(tobermorite-like CSH depicted).

error from acquisition and spectral processing was taken into account and propa-
gated into the Rea(cn,co0), and Reya and kinetics calculations (error bars shown in
Figure 3.12). These values are not the absolute ratios, due to unknown relaxation
times; it is assumed that the relaxation times, mostly dominated by methyl group
rotation, do not change significantly over the times evaluated here (1-84 days). In
Figures 3.12 (specifically Rgya data set) and 3.13, outliers were removed at 2 and 4

days of hydration with 99% confidence.
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Figure 3.12: Consumption of vinyl acetate and formation of Ca(CH;COO), over time.
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Figure 3.13: Pseudo-second order kinetics plot of EVA hydrolysis.

Sakurada [73] describes the hydrolysis of poly(vinyl acetate) as an autocatalytic
reaction in which hydroxyl pendant groups formed during hydrolysis catalyze the
reaction of neighbouring acetate groups. The hydrolysis of EVA, in solution, is shown
to proceed via a second order kinetics reaction [74,75]. To explain the kinetics of EVA

hydrolysis in cement one must first consider the cement hydration process. During
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hydration, tricalcium silicate ((CaO), - SiO, or C3S) reacts with water to produce CSH
gel ((Ca0), - SiO, - yH,0) and Ca(OH), by the following reaction (Equation 3.1: not

necessarily in this stoichiometry) [16]

(Ca0),-8i0, + 2H,0 — (Ca0),-8i0,-H,0 + Ca(OH),. (3.1)

C3S hydration occurs in four stages: (a) pre-induction; (b) induction; (c) accel-
eration; and (d) deceleration (see Chapter 1, Figure 1.1). The pre-induction stage
lasts from minutes to hours and is characterized by a short lived hydrolysis of C3S
as alkali earth oxides rapidly dissolve in water. Between 6-12 hours, the hydration
of C38S slows and essentially becomes dormant (induction). Following this period, at
approximately 1 day of hydration, the reaction accelerates and C3S hydrates rapidly.
Eventually, as the cement hardens the hydration reactions become diffusion controlled
and continue for years [16, 76].

For the hydrolysis of EVA to begin, C3S hydration must provide Ca(OH)y. Ev-
idence of EVA hydration was observed in the SPE ¢ NMR spectra as early as 2
days of hydration which coincides with the beginning of the C3S acceleration period.
EVA hydrolysis continues and produces increasing amounts of Ca(CH3COO), until
32 days of hydration. Focusing on the reaction between the vinyl acetate unit and

Ca(OH)y (see Figure 3.14), the rate law can be written as (Equation 3.2):

d[C=0]
dt

— —2k[C=0]*[Ca(OH),] (3.2)
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where k is the rate constant. Assuming that the Ca(OH), is in excess, the rate
constant, k, and [Ca(OH),| can be combined to from a pseudo rate constant, k,, and

thus a simplified pseudo second order rate law (Equation 3.3).

d[C=0]
dt

= —2k,[C=0]? (3.3)

It follows that the hydrolysis of EVA follows a pseudo-second order kinetics model

and as such the Rgya data will also follow this model (Equation 3.4 and Figure 3.13)

1 1
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2 /E\a/+ Ca(OH), — 2 /E\a/+ Ca(CH,C00),
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CH;
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Figure 3.14: Chemical reaction equation for vinyl acetate hydrolysis.

The data fit the pseudo-second order kinetics model up to 32 days of hydration
with an R*= 0.7759 and k,= 0.0215 day~'. Beyond 32 days, the ratio of carbonyl to
methyl groups remains roughly constant within NMR precision. It is speculated that,
as in this time frame the cement hydration reactions are well within their deceleration
period and are diffusion controlled, the EVA hydrolysis kinetics also adopts a diffusion
controlled kinetics model or in any case slower and more complex kinetics than the

initial pseudo-second order behaviour.
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3.3 Conclusion

SPE 13C and #3Ca NMR spectroscopy was used to successfully monitor the hy-
drolysis of EVA in white cement over a 3 month period and 2?Si NMR was used to
study the effect of EVA latex on cementitious silicon sites in EVA /white cement spec-
imens (hydrated with D,O for 1 week). SPE 3C and CP/MAS NMR spectra clearly
showed the resonance associated with the expected Ca(CH;COOQ), EVA hydrolysis
product. From the SPE ¥C NMR spectra, the reaction kinetics of EVA hydrolysis
were modelled and found to be pseudo-second order between 1-32 days of hydration
with a pseudo-rate constant, k,, of 0.0215 day~'. Following 32 days of hydration, it
was found that EVA hydrolysis deviates from the pseudo-second order kinetics model
and it is speculated that it adopts a diffusion model. SPE “Ca NMR spectra did
not show a resonance corresponding to Ca(CH3COOQ), as anticipated; however, the
results indicate that the presence of the EVA admixture does not greatly affect the
structure of the calcium sites in the cementitious matrix. The 2°Si NMR spectra indi-
cate that there are more protons near the Q? silicon sites, as demonstrated with the
CP NMR technique, when EVA additive is present in the cementitious matrix which
suggests a potential hydrogen bonding environment between the silanol groups in
CSH and the hydroxyl group of hydrolyzed EVA. This result is consistent with work
in the literature [48,50], which states that EVA bonds via hydrogen bonding with
silanol modified tiles. Therefore, EVA, in its hydrolyzed form, can act as a binding

agent between cementitious matrices and silanol modified tile at the interface.



Chapter 4
Poly(ether imide) /White Cement NMR Study

4.1 Background

Poly(ether imide) (PEI) is a high performance thermoplastic which is sold under
the trade name Ultem®. As a result of its high melting temperature (350-400°C),
Young’s modulus (3.59 GPa), and tensile strength (110 MPa) [77], PEI resin was
chosen as a candidate for fibre production for concrete reinforcement applications [13].
PEI has been shown to be suitable for fibre production [78] and, until 2009, this
material had not been pursued as a possible concrete reinforcement [13]. The chemical

structure of PEI is shown in Figure 4.1.

Figure 4.1: Poly(ether imide) chemical structure.

The aromatic rings present in PEI’s structure provide rigidity to the backbone
while the ether linkages impart some flexibility in the chain. The bond between poly-

meric fibres and concrete is of utmost importance to a fibre’s ability to toughen a

62
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concrete composite. The ether and imide functionalities give PEI a hydrophilic char-
acter and it is postulated that it will bond better with concrete via hydrogen bonding
mechanisms than commercial HDPE/PP fibres. PEI is known to be highly resistant
to acidic environments, hydrolysis, and is categorized as a limited service material in
alkaline environments [79]; therefore, it is possible that the imide group could undergo
hydrolysis in the basic cementitious environment which could potentially damage the
fibre surface. To test PEI’s stability in concrete, Trottier [13] used optical microscopy
to study fibre and tensile coupon surfaces after exposure to basic conditions. PEI
fibres were cast in cement and hydrated for 3 weeks, while tensile coupons were im-
mersed in aqueous NaOH solution (pH 11) for 7 days prior to analysis. No visible
signs of degradation were observed on fibre or tensile coupon surfaces. Trottier [13]
observed a mass increase in tensile coupons of 0.43 £ 0.05% and attributed this
increase to water absorption.

To explore further PEI’s suitability as a concrete reinforcement material, SPE and
CP/MAS 3C NMR spectroscopy were used to investigate possible structural changes
in samples of PEI, hydrolyzed PEI, and PEI/white cement (hydrated for 7 and 28
days). It is speculated that imide hydrolysis, if minimal, could contribute to a stronger
chemical bond between the PEI surface and white cement through increased hydrogen
bonding opportunities from the carboxylic acid and amine functional groups which

would enable this material to contribute to the toughening of a concrete composite.
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4.2 Sample Preparation

Ultem® 1000 PEI resin (SABIC Plastics) was cryogenically milled to a particulate
size of 700 pm using a Spex SamplePrep 6770 Freezer Mill. White cement with 20%
PEI by cement weight, with a w/c = 0.4 (to ensure complete hydration), was cast in
silicone moulds and hydrated for periods of 1 week and 28 days in a sealed plastic
container. At the pre-determined hydration times, the samples were freeze dried to
remove all free water to halt further hydration processes. Samples were stored and
ground for NMR analysis in a N, atmosphere.

A sample of hydrolyzed PEI was prepared by reacting 0.5 g of PEI resin (700 pym
particulate size) with 30 mL of 0.5 M NaOH solution at 60°C for 1.5 hours, consis-
tent with Kim et al. [80]. NaOH solution was prepared using deionized water. The
hydrolyzed PEI product was recovered by filtration, washed with deionized water,

and dried over dessicant for 2 days prior to analysis.

4.3 Experimental

13C experiments were conducted on a 700 MHz Bruker Avance NMR spectrometer
operating at a magnetic field of 16.4 T using a 4 mm double resonance probe at a
spinning speed of 13 kHz. SPE 3C NMR spectra were acquired following a 4.6 pus
90 ° pulse and a recycle delay of 5 s. For polymeric samples, 1024 scans were acquired
while 5120 scans were acquired for polymer/cement samples. *C CP/MAS NMR

spectra were acquired using a 4 us 90° pulse on 'H, a 3 s recycle delay, and a 2 ms
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contact time. For polymeric samples, 1200 scans were acquired while 4800 scans
were acquired for polymer/cement samples. All spectra were referenced to glycine
at 176.06 ppm and processed with 100 Hz linebroadening. Data were background
corrected by subtracting the spectrum for an empty rotor and a cement control for

polymeric samples and polymer/cement samples, respectively.

4.4 Results and Discussion

Jang et al. [81] describe the hydrolysis of PEI in NaOH, which is characterized
by a ring opening of the imide group to form amide and carboxyl functionalities (see
Figure 4.2). This reaction results in the formation of a dipolymer with a PEI unit
and a partially hydrolyzed PEI unit which retains one imide group. Kim et al. [80]
describe a similar reaction, as shown in Figure 4.3, that is characterized by the hydrol-
ysis of both imide groups. The hydrolysis of PEI, which creates amide and carboxyl
functional groups, could potentially allow for further hydrogen bonding opportunities
with the cementitious matrix which could translate into a fibre with increased bond to
concrete. To determine if this reaction, which could lead to increased chemical bond-
ing between PEI and cement, is occurring in cementitious matrices containing PEI,
13C SPE and CP/MAS NMR spectroscopy were used to study raw PEI, hydrolyzed
PEI, and PEI in white cement (hydration times of 7 and 28 days). !'3C chemical
shifts for PEI and both possible PEI hydrolysis products were predicted using the

ACD/13CNMR Predictor program (Advanced Chemistry Development, Inc.) [82].
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Predictions were carried out on two repeat units of the polymer which were termi-
nated using methyl groups. For simplicity, Figure 4.4 shows the labeled segment of

PEI and hydroylzed PEI which correspond to the chemical shift predictions given in

Table 4.1.
o CH, o
{N O CH O N
n
(o) (o)
O (o]
J NaOH
[ o CH, OH
—GN CH
NH
o o
o CH,4 o
N (=L J@i‘@*
y
O 0O
O (o]

Figure 4.2: PEI hydrolysis in NaOH as proposed by Jang et al. [81].

From the predicted '*C chemical shifts, it is evident that the NMR spectra of both
PEI hydrolysis products, proposed by Jang et al. [81] and Kim et al. [80], shown in
Figures 4.2 and 4.3, will be quite similar. For this reason, it can be assumed that either
one or two imide ring openings would not be distinguishable; however, the comparison

of the PEI and hydrolyzed PEI '3C chemical shift predictions suggests that an increase
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Figure 4.4: PEI and hydrolyzed PEI segments.

in intensity and/or spectral broadening may be observable between 170 and 120 ppm
indicating hydrolysis of imide. Using the predicted ¥C chemical shifts, stick spectra
were prepared for the region of interest between 170 and 120 ppm (see Figure 4.5).
The predicted stick spectra clearly illustrate the potential for spectral broadening and
possible integrated intensity increase in the spectral region between 170-120 ppm as
a result of imide hydrolysis. *C CP/MAS NMR spectra of PEI, hydrolyzed PEI,
PEI/white cement (7 and 28 day hydration) are shown in Figure 4.6. Resonances are

assigned as the imide carbonyl (165 ppm), O—Ar (152 ppm), N—Ar (133 ppm), Ar
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Table 4.1: 13C Spectral predictions for PEI and hydrolyzed PEI

Atom Labe'l PEI Hydrolyzed PEI? Hydrolyzed PEI®
a 161.2 160.2 160.2
b 114.7 112.6 112.0
c 128.1 136.3 134.6
d 120.9 124.6 124.6
e 126.7 134.1 134.2
f 124.7 121.2 121.3
g 165.1 156.3 156.3
h 165.6 167.1 167.2
i 133.7 136.2 135.7
j 111.1 107.3 108.6
k 133.7 135.9 135.7
1 120.9 116.7 116.8
m 128.7 127.7 129.4
n 120.7 118.5 116.8

1 Atom labels shown in Figure 4.4
2 Jang et al. Product
3 Kim et al. Product

(125 ppm), C (42 ppm), and CH; (31 ppm) and are consistent with the predicted

values, where Ar indicates an aromatic ring. Difference spectra were calculated by

subtracting the spectrum of PEI from the hydrolyzed PEI and PEI/white cement

spectra. The difference spectra, shown in Figure 4.7, are characterized by two broad

resonances between 168-162 and 136-130 ppm. These resonances are consistent with

those predicted by ACD software and are indicative of the ring opening reaction of

the imide groups in the presence of base.
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Figure 4.5: Predicted '3C NMR stick spectra of PEI and hydrolyzed PEI products
between 170-120 ppm. The letters a, b, and c¢ represent PEI, hydrolyzed PEI as
proposed by Jang et al. [81], and hydrolyzed PEI as proposed by Kim et al. [80],
respectively. Detailed chemical shift values for the spectra are reported in Table 4.1.
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Figure 4.6: 1*C CP/MAS NMR spectra of (a) PEI, (b) hydrolyzed PEI, (c) PEI/white
cement (7 day hydration), and (d) PEI/white cement (28 day hydration).
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Figure 4.7: 13C CP/MAS NMR PEI difference spectra. PEI spectrum was subtracted
from (a) hydrolyzed PEI, (b) PEI/white cement (7 day hydration), and (c¢) PEI/white
cement (28 day hydration).

In the CP NMR experiments, the observed spectrum is dependent upon the
through space dipole-dipole coupling between the excited nucleus and the observed
nucleus; for instance, 'H and 3C, respectively. Therefore, *C signals will be more
intense for sites which are in close proximity to protons and absent for those '3C
sites which are too far from protons to couple and accept magnetization transfer. In
contrast, with a SPE NMR experiment, all *C nuclear spins present in the samples
will be observed in the NMR spectrum and have no direct intensity dependence on
surrounding nuclei like in a CP experiment. Therefore, when quantification is of
interest, SPE NMR experiments are employed.

SPE 3C NMR spectra, shown in Figure 4.8, were acquired and difference spec-
tra (Figure 4.9) were calculated as previously described (vide supra) for the 3C
CP/MAS study. The SPE !3C NMR difference spectra are characterized by similar
resonances as observed in the C CP/MAS spectra; however, with this experiment

it is concluded that between 7 and 28 days of hydration PEI is hydrolyzed, forming
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increasing amounts of polymer containing carbonyl and amide functional groups. To
estimate the relative extent of PEI hydrolysis in both the NaOH solution and cemen-
titious matrices, the ratio of integrated intensities of the suspected region of intensity
increase (approximately 170-120 ppm, as a result of imide hydrolysis) was calculated
using the CH; peak as an internal standard, as this site remains unchanged through-
out the hydrolysis reaction. At one week of hydration in the cementitious matrix, the
increase in integrated intensity between 170-120 ppm is less than 1% and at 28 days
of hydration, approximately 4%. These increases in integrated intensity suggest that
the imide hydrolysis in PEI is minimal in the cementitious matrix, which is consistent
with Trottier’s work [13]. In the synthesized hydrolyzed PEI (made by reacting PEI
with aqueous 0.5 M NaOH solution) showed a more substantial intensity increase,
approximately 20%, in this region. It is speculated that the reaction proceeded more
readily in the NaOH solution as compared to the hindered hardened cement paste

environment.
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Figure 4.8: SPE 3C NMR spectra of (a) PEIL (b) hydrolyzed PEI, (c) PEI/white
cement (7 day hydration), and (d) PEI/white cement (28 day hydration).
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Figure 4.9: SPE 3C NMR PEI difference spectra. PEI spectrum was subtracted from
of (a) hydrolyzed PEI, (b) PEI/white cement (7 day hydration), and (c) PEI/white
cement (28 day hydration).

4.5 Summary

This study has shown that PEI is susceptible to hydrolysis, albeit minimally, in

a cementitious environment, which is consistent with the findings of Trottier [13].
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The ring opening of the imide functional group to form amide and carboxyl groups
will induce some flexibility in the polymer backbone and it is speculated that the
carboxylic acid functional groups formed through hydrolysis could provide additional
hydrogen bonding between the PEI fibre and concrete thus increasing the fibres’
potential to toughen a concrete composite in fibre-reinforced concrete applications.
Due to temperature limitations of the experimental extrusion line, which is used for
fibre production, PEI fibres could not be extruded. As a result, mechanical testing on
PEI/concrete composites was not conducted to estimate PEI’s suitability as a fibre

candidate for fibre reinforced concrete applications.



Chapter 5

Poly(vinylidene fluoride) /White Cement Study

5.1 Background

Poly(vinylidene fluoride), PVDF| is a semi-crystalline fluoropolymer which is com-
mercially available as powder, pellets, and films. As a result of its high chemical resis-
tance and ease of melt processing, PVDF was chosen by Trottier [13] as a candidate
for fibre reinforced concrete applications. The chemical structure of PVDEF is shown

in Figure 5.1.

F

Figure 5.1: Chemical structure of poly(vinylidene fluoride).

PVDF has four polymorphs, «, 3,7, and § [83]. Of direct interest to this work are
the o and f3 phases, formed from crystallization of the melt and solid state drawing [13,
84-86], respectively. The § polymorph chemical structure is shown in Figure 5.2. (-
PVDF is characterized by the alignment of all fluorines on one side of the carbon chain

and all of the protons on the opposite side causing a poled structure. The polarized

74
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B-PVDF structure, which is achieved when fibres are drawn, is thought to potentially
increase the chemical bonding between the PVDF fibre and the concrete matrix via
hydrogen bonding. Figure 5.3 demonstrates the hydrogen bonding potential between

the partially positive region of S-PVDF and the hydroxide groups in white cement.
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Figure 5.2: Chemical structure of -PVDF.
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Figure 5.3: Potential hydrogen bonding between S-PVDF and hydroxide in cementi-
tious matrices.

When choosing polymeric material with which to draw fibres for use in concrete re-

inforcement applications, it is important to consider the polymer’s chemical resistance
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to a basic environment. Despite being classified as a material with broad chemical
resistance, there are some examples in the literature which report that under ba-
sic conditions PVDF powder and film can undergo degradation via dehydrofluorina-
tion [87,88]. It has also been reported that PVDF which has been dehydrofluorinated
(discussed in further detail in Section 5.4.1), causing a brown to black colour change
from its initial white colour, can result in a reduction in mechanical properties [89,90].

The objective of this work was to study the chemical stability of PVDF powder
in white cement to gain insight into stability issues which may arise in PVDF fibre

reinforced concrete composites.

5.2 Sample Preparation

PVDF powder was purchased from Sigma-Aldrich and was sieved to separate a
particulate size of 150 pm using ASTM E-11 sieves (ELE International) and a RO-
TAP testing sieve shaker. White cement paste (w/c = 0.40, introduced in Chapter 1),
containing 20% PVDF by cement weight, was cast in silicone moulds and sealed in a
plastic container for 7 and 28 day hydration periods. When the appropriate hydration
times were achieved, samples were frozen in liquid nitrogen and freeze dried to remove
all free water to cease hydration. Samples were stored and ground for NMR analysis
in a N, atmosphere.

PVDF powder (approximately 0.7 g) was reacted with 50 mL of 0.5 M NaOH at
80°C for 5 hours with continuous stirring. The brown particulate, presumed to be

dehydrofluoronated PVDF',| was recovered by filtration and was dried in a desiccator
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prior to analysis.

5.3 Experimental

5.3.1 NMR Spectroscopy

All 1C single pulse and CP/MAS NMR experiments were conducted on a 700 MHz
Bruker Avance NMR spectrometer operating at a magnetic field of 16.4 T at a spin-
ning frequency of 10 kHz using a 4 mm probe. 3C single pulse spectra were acquired
after a 4.6 us 90° pulse and a recycle delay of 5 s. An average of 128 and 5120
scans were acquired for PVDF and PVDF /white cement samples, respectively. 3C
CP/MAS spectra were acquired following a 4 us 90° pulse on 'H, a contact time
of 2 ms, and a 5 s recycle delay. Each spectrum resulted from an average of 4800-
5120 scans. Spectra were background corrected by subtracting either the spectrum
of an empty rotor (for PVDF samples) or the appropriate cement control spectrum
(for PVDF /white cement samples). Data were processed with linebroadening of 100-
200 Hz.

YE single pulse experiments were conducted on a 700 MHz Bruker Avance NMR
spectrometer operating at a magnetic field of 16.4 T at a spinning frequency of 29 kHz
using a 2.5 mm probe. 'F spectra were acquired following a 2.65 us 90° pulse,
a recycle delay of 6 s and 64-128 scans were averaged. Spectra were background

corrected by subtracting the spectrum of an empty rotor.
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5.3.2 Infrared Spectroscopy

Infrared spectra of PVDF and dehydrofluorinated PVDF were recorded using the
Nujol mull technique (NaCl windows) with a Perkin Elmer Spectrum 100 FT-IR
Spectrometer. Spectra were acquired in the mid-IR region from 4000-600 cm ™! with

8 em~! resolution and an average of 32 scans.

5.3.3 Bromination Qualitative Test for the Presence of Alkene

A control sample was created in a test tube containing approximately 0.5 mL of
dichloromethane (CH,Cl,) and 3 drops of 5% Br, in CH,Cl, solution. Using the same
set up, approximately 0.02 g of dehydrofluorinated PVDF was added to the 0.5 mL of
CH,Cl, prior to the addition of bromine. Samples were mixed thoroughly and were

monitored for a period of 4 hours.

5.3.4 Ultraviolet-Visible Spectroscopy

Ultraviolet-Visible (UV-Vis) spectra were acquired on a Cary 5000 UV-Vis-NIR
spectrophotometer in the wavelength range of 200-800 nm. Powdered samples of
PVDF, dehydrofluorinated PVDF, white cement and PVDF /white cement were ground

with a mortar and pestle and sandwiched between quartz discs for analysis.



79

5.4 Results and Discussion

5.4.1 Dehydrofluorination of PVDF Mechanistic Pathways

The C—F bond is the strongest of all carbon halogen single bonds. This makes
fluorine a poor leaving group in eliminations and substitutions of alkyl halides. There
are three possible mechanisms [51,91] which could be followed in a basic environment
for the dehydrofluorination of PVDF: the common bimolecular elimination, E2; its
competing substitution reaction, Sy2; and the rare elimination by conjugate base,
ElcB. Each of these mechanistic pathways will be discussed in further detail, with
respect to PVDEF' in basic solution, starting with the E2 mechanism.

The E2 mechanism is a one step reaction where the hydroxide begins to remove
the acidic proton while, at the same time, the fluorine begins to leave, finally forming

a vinyl alkyl unit, water and a fluoride anion (Figure 5.4).

Y
~|E<|:—CE|— + HO — CH=CF{ + H,0 + F

= 1 n
H F

Figure 5.4: Bimolecular elimination (E2) mechanism.

Competing with this reaction is the Sy2 substitution (see Figure 5.5) that is
characterized by the hydroxide nucleophile attacking the fluorine substituted carbon
centre and displacing the fluorine to form a fluoroalcohol polymeric unit.

Another possible mechanistic route, although rare, for the reaction of PVDF and

base is the E1cB mechanism (see Figure 5.6). This reaction is characterized by a two



80

H 1F T ?H
{(lz—(lzi—;l-/m)'—- ~|E<|:—(|: + F
r'u |!- H F "

Figure 5.5: Nucleophilic substitution (Sy2) mechanism.

step process in which hydroxide removes an acidic proton to form a carbanion in a
fast reversible step. In the slow step, the carbanion electron pair forms a double bond

expelling a fluorine atom.

H F H ﬂ]:

|| - Fast |- Slow ~ i
~|EC—CE|~ + HO =——*= C+ - CH=CF+ + H,0 + F
R o :

Figure 5.6: Elimination by conjugate base (ElcB) mechanism.

Following hydration, a light brown colour was observed in the PVDF /white cement
samples, while the hydrated cement control remained white, indicating a chemical
reaction had taken place between PVDF and white cement.

To characterize the brown product observed in the PVDF /white cement sam-
ples, PVDF powder was reacted with 0.5 M NaOH at 80°C for 5 hours. PVDF
is hydrophobic and therefore sat on the surface of the NaOH solution. The brown
reaction product settled to the bottom of the reaction vessel (see Figure 5.7) and
therefore it was easily isolated by filtration. Kise et al. [87,88] observed that the
colour of PVDF changes from white, to light brown, to black when reacted with
NaOH /ethanol solution.

Although PVDF is highly resistant to many chemical environments, it has been
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Figure 5.7: PVDF (brown particulate at the bottom of vial) and unreacted PVDF
(white powder on the surface of NaOH solution).

shown that PVDF is degraded in caustic solutions [87,88,90]. In a basic environment,
PVDF undergoes dehydrofluorination which results in conjugation of the backbone.
Approximately 0.1 wt% of PVDF is affected by dehydrofluorination which is sufficient

to cause a colour change from white to black [90].

5.4.2 SPE '3C and °F NMR Spectroscopy

Holstein et al. [92] used ¥C CP/MAS NMR to study PVDF powder and reported
chemical shifts of 43.2 ppm for CH, and 119.9 ppm for CF,. Weak resonances in
the region of 25 ppm were attributed to head-to-head or tail-to-tail defects (see Fig-
ure 5.8). It is estimated that defects in the structure of PVDF were between 3.5-6%
of the backbone.

Pallathadka et al. [93] report chemical shift values for PVDF as 43 and 120 ppm
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head-to-head

tail-to-tail

Figure 5.8: PVDF backbone defects.

for CH, and CF,, respectively. In this work, consistent with the literature [92,93], 13C
chemical shifts for CH, and CF, are observed at 43.5 and 119.7 ppm, respectively (see
Figure 5.9). The ¥C NMR spectrum of PVDF /white cement, shown in Figure 5.9c,
is essentially the same as that of PVDF (the difference spectrum is shown in Fig-
ure 5.9a). As calculated by ACD/13CNMR Predictor [82], resonances from CH=CF
and CH=CF would appear at approximately 103 ppm and between 170-178 ppm, re-
spectively. Although dehydrofluorinated PVDF is brown in colour, only 0.1% of the
backbone need be conjugated to produce the colour [87,88,90], thus *C NMR signals

from the conjugated PVDF backbone would be weak or as in this work, unobservable.

Holstein et al. [92] carried out F NMR experiments to characterize the fluorine
sites of PVDF. They observed resonances at —91.2 ppm (amorphous domains), —81.8
and —96.1 ppm (crystalline domains), and —113.1 and —115.0 ppm (head-to-head and
tail-to-tail defects). In this work, YF NMR resonances were observed at —92.1 ppm
(amorphous domains), —82.7 and —96.8 ppm (crystalline domains), and —114.2 and

—115.5 ppm (head-to-head and tail-to-tail defects), shown in Figure 5.10, consistent
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Figure 5.9: SPE 3C NMR spectra of (a) difference spectrum (PVDF /white cement
subtract PVDF), (b) PVDF, and (¢) PVDF /white cement (* spinning sidebands).

with Holstein [92]. The F NMR spectra of PVDF, dehydrofluorinated PVDF are
essentially the same as demonstrated in the difference spectrum (Figure 5.10a), and

no new resonances indicative of CH=CF were observed.

* *

el P

T T T T T T
50 0 -50 -100 -150 -200 -250 ppm

Figure 5.10: SPE "YF NMR spectra of (a) difference spectrum (PVDF /white cement
subtract PVDF), (b) PVDF, and (c¢) PVDF /white cement (* spinning sidebands).
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5.4.3 Infrared Spectroscopy

The IR spectroscopic technique probes the vibrational modes of a molecule [94].
Using the Nujol mull technique, in which a solid is ground in mineral oil to create
a suspension, and a temporary NaCl cell, IR spectra of Nujol, PVDF/Nujol, and

dehydrofluorinated PVDF /Nujol were acquired (shown in Figures 5.11 and 5.12).

Mo

Absorbance
=

3600 2600 1600 600

Wavenumber/cm-1
Figure 5.11: IR spectra of (a) dehydrofluorinated PVDF /Nujol, (b) PVDF /Nujol and
(c) Nujol from 4000-600 cm™.

In Figure 5.11, the spectra from 4000-600 cm™ show that major contributions
to the spectrum can be assigned to the Nujol (3100-2000, 1772, 1470, 1442, and
778 cm'). The Nujol peaks were not problematic in this analysis as the region
of interest where C=C frequencies would characteristically absorb is approximately

1600 cm™ [94]. Figure 5.12 shows the 1700-600 cm™ region in more detail. The
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Figure 5.12: IR spectra of (a) dehydrofluorinated PVDF /Nujol, (b) PVDF/Nujol,
and (c) Nujol from 1700-600 cm™.

PVDF spectrum was assigned from 1600-600 cm™, summarized in Table 5.1, and is

consistent with the literature [95-101].

Table 5.1: Vibrational assignment of PVDF powder

Observed Band /em™ Vibrational Mode Reference
1424 CH, scissor, CH wag [99]
1336-1118 CF stretch, CC and CCC vibrations [98-101]
CF out-of-plane deformation
1084 CC vibrations, CH wag, CF wag [99]
994 CH out-of-plane deformation 95,96, 98]
886-862 CH rocking, CH wag, CF wag [95-99]
816 CH out-of-plane wag (95,96, 98]
770 CF, bending, CH, rocking [95,96]
620 CF, bending, C skeletal bending 95,97, 98]

Stretching frequencies are observed between 1336-1118 cm™ (CF, CC, CCC) [98—

101] and at 1084 cm™ (CC) [99]. CH wagging vibrations are assigned at 1424 [99)],
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1084 [99], and 886-862 cm™ [95-99]. CF wagging vibrations are observed at 1084 [99]
and 886-862 cm™ [95-99]. CH, rocking vibrations are assigned at 886-862 [95-99] and
770 cm™ [96,99]. Bending vibrations are observed at 770 (CF,) [96,99] and 620 cm™
(CF, and C backbone) [95,97,98]. The spectra of PVDF and dehydrofluorinated
PVDF are the same and a frequency indicative of C=C vibration was not observable
(likely due to the low concentration of C=C produced in the dehydrofluorination

reaction).

5.4.4 Bromination of Dehydrofluorinated PVDF

In organic chemistry, a common qualitative test for the presence of alkenes is the
bromination addition reaction. As shown in Figure 5.13, when an orange coloured
Br,/CH,CI, solution is added to a sample containing an alkene, the bromine adds

across the double bond and the resultant solution is colourless.

N/ CH |
CcC—= + Bry ﬁb — C—C—

/N ||

orange: solution cdourless solution

Figure 5.13: Schematic chemical equation for the bromination addition reaction to
an alkene.

Bromine addition to alkenes can be inhibited by the presence of electron with-
drawing groups, such as the fluorine substituent in dehydrofluorinated PVDF. The

bromination qualitative test for alkene was carried out on dehydrofluorinated PVDF.
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The reaction occurred slowly; however, after 4 hours the test solution containing the
polymer had decolourized, resulting in a light yellow solution, indicating a positive

test for alkene (see Figure 5.14).

Figure 5.14: Qualitative test for bromination of dehydrofluorinated PVDF. (a) 5%
Br,/CH,Cl, in 0.5 mL CH,Cl, and (b) 0.02 g dehydrofluorinated PVDF and 5%
Br,/CH,CI, in 0.5 mL CH,CL,.

5.4.5 Ultraviolet-Visible Spectroscopy

The UV-Vis spectra of PVDF and dehydrofluorinated PVDF are shown in Fig-
ure 5.15. The dehydrofluorinated PVDF spectrum shows an absorbance maximum
at 471 nm while the PVDF spectrum has no obvious maxima. In a polymeric band
structure, the molecular orbitals are delocalized and the energy levels produce a
virtual continuum in which a band gap is present between the 7 bonding and 7"
anti-bonding orbitals [102]. This band gap would be larger in a smaller molecule such

as ethene as shown in Figure 5.16 for comparison. PVDF is white in colour, does not
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contain 7 bonds, and does not absorb in the UV-Vis region of the electromagnetic

spectrum. Brown coloured dehydrofluorinated PVDF, as discussed in Section 5.4.1,

has less than 0.1% of the backbone in conjugated form. The brown colour (red-orange

wavelengths of light) observed is a result of the absorption of blue-green light, and

the m-7" transition occurs at low energy (2.63 eV) and long wavelength (471 nm).

Cho et al. [89] report an absorption for dehydrofluorinated PVDF at 519 nm in the

UV-Vis spectrum,

Absorbance
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which is comparable to the absorption observed in this work.

. -

’ N
o \

! \
n‘l \
\
\
- . PVDF
N -

] = = dehydrofluorinated
r — PVDF

325 425 525 625 725 825

Wavelength /nm

Figure 5.15: UV-Vis average spectra of PVDF (solid line) and dehydrofluorinated
PVDF (broken line).
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Figure 5.16: Effect of conjugation on energy band gap. Styled after White [102].

A similar experiment was conducted on cementitious PVDF samples. The UV-Vis
spectra of white cement and PVDF /white cement are shown in Figure 5.17. Although,
not as pronounced as the absorption in the dehydrofluorinated PVDF spectrum (Fig-
ure 5.15), a similar trend is observed in the PVDF /white cement spectrum indicating
that the brown colour of this sample is due to the conjugation of the PVDF backbone
in the basic cementitious environment, which suggests an E2 or ElcB pathway for

dehydofluorination of PVDF in cement.
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Figure 5.17: UV-Vis average spectra of white cement (solid line) and PVDF /white
cement (broken line).

5.5 Summary

In this study, dehydrofluorinated PVDF was synthesized from PVDF powder.
The dehydrofluorinated PVDF was studied via SPE 3C and YF NMR, IR, and UV-
Vis spectroscopic techniques. Evidence for CH=CF conjugation in the brown PVDF
product was not observable with NMR or IR methods. This is likely due to the very
small percentage of conjugation needed to change the colour of PVDF from white to
black. Qualitative testing for alkene was carried out by bromination and the light
yellow colour indicated a partial decolourization of Br, solution and a positive result
for the presence of alkene. UV-Vis absorption was observed at 471 nm in brown

coloured PVDF and PVDF /white cement samples. This evidence confirms that the
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brown coloured PVDF /white cement sample is the result of the dehydrofluorination

of the PVDF backbone in the basic cementitious environment.



Chapter 6

Short and Long Range Studies of the Polymeric

Material/White Cement Interfacial Transition Zone

6.1 Background

The bond between a polymeric fibre and concrete, as well as the structure of
the interfacial transition zone, are of chief importance when determining a fibre’s
suitability as a concrete reinforcement. To study the interfacial interactions between
a polymeric material and cement at short range (angstrom scale) and at long range
(micron scale), solid state NMR spectroscopy and scanning electron microscopy were
employed.

The CP/MAS NMR technique, as described in Chapter 2, exploits through space
dipole-dipole interactions to give information about heteronuclei in a sample. To
isolate the polymeric powder/white cement interface with this technique, a heteronu-
clear pair must first be determined such that one nucleus is only associated with
the polymeric material and the other with the cementitious matrix. Many polymeric
materials of interest for concrete reinforcement contain protons. In an effort to study

the interactions between, for example, protons (*H) from polyolefin and the cement

92
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(e.g., 2TAl, 2Si or #3Ca), cementitious protons must be removed. In hardened cement,
the major proton source is water, so it was speculated that carrying out hydration of
cementitious samples with heavy water, D,0O, would reduce or effectively eliminate
the proton signals from the cement. It was found that despite the D,O hydration,
samples still contained a considerable amount of water, as confirmed by the 2"Al CP
signal observed in the control sample. Therefore, the signals observed in the 27Al
CP/MAS NMR experiments, for instance, could not be assigned to an interfacial
interaction.

Since it proved difficult to remove water from the cementitious matrix even with
D, O hydration, perfluorinated polymers (poly(tetrafluoroethylene), Teflon, and poly-
(tetrafluoroethylene-co-perfluoropropyl vinyl ether), PFA) were chosen as an additive
in an effort to isolate interactions at the polymeric powder/white cement interface.
Cement contains at most trace amounts of fluorine, which makes the CP/MAS NMR
experiment between 1°F sites (in the polymer) and 2”Al sites (in cement) possible, thus
isolating the interface. It is important to note that perfluorinated polymeric materials
are speculated to have poor chemical bonding character with cementitious matrices
due to their hydrophobic nature, therefore these polymers were chosen solely on their
suitability for the CP/MAS NMR experimental requirements to isolate the polymeric
powder/white cement interface. Based on chemical structure, see Figure 6.1, PFA
would be expected to have more bonding potential with cement due to its ether
linkage.

YE and 27Al SPE experiments and '3C and "F — 2"Al CP/MAS experiments
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a b

Figure 6.1: Chemical structure of (a) PFA and (b) Teflon.

were conducted to study polymeric degradation and chemical interactions at the
fluoropolymer/white cement interface. The results of this study are discussed in
Section 6.4.1.

To investigate the interfacial transition zone surrounding various fibres at long
range (pm scale), which are currently and potentially could be used for concrete
reinforcement applications, the SEM/EDS technique (as introduced in Chapter 2)
was utilized. Scanning electron microscopy (SEM) coupled with energy dispersive
spectroscopy (EDS) collects and analyzes the X-rays produced when a sample is
bombarded with a beam of electrons. Since X-ray energies differ for each element,
elemental mapping of a sample area can be achieved. This method is attractive for
studying the interfacial transition zone between a fibre inclusion and cement paste
as both visual and chemical differences in this region can be investigated simultane-
ously, with a spatial resolution on the micron scale, which could potentially elucidate
characteristics of weak and strong fibre/concrete interfaces. The EDS technique re-

quires that the sample surface be polished flat to avoid geometric effects in X-ray
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detection. As a result of this requirement and cement polishing requirements, sample
preparation for this study was quite extensive (see Section 6.2.2).

The interfacial transition zone was analyzed surrounding steel fibre as well as a va-
riety of polymeric fibres, namely; HDPE/PP, PVA, PVDF, PEI, and Nylon 6.6. The
chemical structures of these polymeric fibres are shown in Figure 6.2. As discussed in
Chapter 1, Section 1.6.3.1, HDPE/PP, PVA | and Nylon 6.6 fibres are currently in use
for fibre reinforced concrete applications [24,28,29,34-37]. PVA is known to exhibit a
strong bond with the cementitious matrix as a result of its hydrophilic nature [34,35],
while Nylon 6.6, despite possessing hydrophilic amide functional groups, exhibits poor
bonding with cementitious matrices [28,29]. PVA and Nylon 6.6 fibres were therefore
chosen for study as benchmark materials which exhibit strong and weak bonding,
respectively, with cementitious matrices. The HDPE/PP fibre, although hydropho-
bic due to its chemical structure and thus its poor chemical bonding potential with
cementitious matrices, was chosen for study because it is a common fibre type in the
fibre reinforced concrete industry. It is important to note that the bond between
HDPE/PP fibres and cementitious matrices is thought to be purely mechanical due
to fibrillation of the fibres (during mixing) which serves to anchor them into the hard-
ened matrix. PVDF and PEI fibres were chosen for study in this work to characterize
the interfacial transition zone surrounding these materials, in relation to the bench-
mark fibre materials (PVA and Nylon 6.6) and the popular HDPE/PP fibre, to gauge

their suitability as potential materials for fibre reinforced concrete applications.
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Figure 6.2: Chemical structure of polymeric fibres.

6.2 Sample Preparation

6.2.1 Nuclear Magnetic Resonance Samples

White cement paste, with a w/c = 0.5 to allow for complete hydration (see Chap-
ter 1 for further details), was mixed with a light duty mixer until a smooth consistency
was achieved (approximately 2 minutes). Fluoropolymer powder was folded into the
cement paste and then agitated with a mixer.

White cement with 20% Teflon (1 pum particulate size, Sigma-Aldrich) by weight
was cast in silicone moulds and hydrated for 1 week in a sealed plastic container.
Following 1 week of hydration, the samples were ground to a powder for analysis.

PFA resin was purchased from CSI Plastics and was cryogenically milled to powder
using a Spex SamplePrep 6770 Freezer Mill. Using a RO-TAP testing sieve shaker
and ASTM E-11 sieves (ELE International), PFA particulate of less than 45 ym was
separated. White cement with 20% PFA by weight was cast in a silicone mould and

hydrated for 1 week in a sealed plastic container. Samples were ground to a powder
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for NMR analysis.

6.2.2 SEM/EDS Samples

White cement paste, with a water to cement ratio of 0.35 (to ensure complete hy-
dration and enable comparison with Bentur et al. [26]), was cast in 1.5 cm cube moulds
with a single fibre embedded vertically in the centre. The samples were hydrated for
1 day in a sealed plastic container, 1 week in saturated Ca(OH)s solution, and the
remaining hydration time in a sealed plastic container. The hardened fibre/cement
composite samples were sectioned, perpendicular to the fibre, using a diamond saw
with ethanol lubricant to expose the fibre/cement interface. Sections were freeze
dried for 2 days to remove all free water. Samples were epoxy impregnated with low
viscosity epoxy (EpoThin epoxy resin and hardener, Buehler Canada) in a vacuum
desiccator (set-up shown in Figure 6.3). Epoxy impregnated fibre/cement compos-
ites were sectioned to re-expose the fibre/cement interface. Samples were polished
with a series of diamond abrasives (70 gm and 30 pm discs and 15, 9, 6, 3, 1, and
0.25 pum pastes) to produce the flat surface required for SEM /EDS. Polished sections
were coated with a 30 nm layer of Au/Pd to achieve a conductive surface. Figure 6.4

shows an example of fibre/white cement samples at various stages of processing for

SEM/EDS analysis.
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Figure 6.3: Epoxy impregnation apparatus. The letters a, b, and c indicate a vacuum
pump, desiccant trap, and vacuum desiccator, respectively.

Figure 6.4: SEM/EDS fibre/white cement sample preparation. (a) fibre cast in ce-
ment cube, (b) sectioned cube, (c) sample following freeze drying and epoxy impreg-
nation, (d) sectioned epoxy impregnated sample, and (e) polished section coated with
Au/Pd.
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6.3 Experimental

6.3.1 NMR Spectroscopy

All F and ?7Al single pulse excitation (SPE) and cross-polarization (CP) exper-
iments were conducted with a 700 MHz Bruker Avance NMR spectrometer operating
at a magnetic field of 16.4 T using a 2.5 mm probe. Single pulse experiments were
conducted at a spinning frequency of 25 kHz with the exception of F experiments
on samples containing PFA, which were spun at 20 kHz. F SPE NMR spectra were
acquired after a 3 us 90 ° pulse with 4-128 signal averaging scans. Recycle delays were
between 10 and 30 s. Spectra were processed with linebroadening of 100-200 Hz. 27Al
single pulse spectra were acquired after a 0.5 us pulse at an rf field strength of 59 kHz,
using a recycle delay of 1 s and signal averaging 4096 scans. Data were processed with
linebroadening of 50-100 Hz. F — 27A]l CP experimental parameters were setup
using an AlF, reference material. F —s 27Al CP spectra were acquired following
a 4 ps 90° pulse on YF using a recycle delay of 15 s, contact times of 1, 2, and
5 ms at a spinning frequency of 15 kHz. Data were processed with linebroadening of
100-200 Hz.

13C CP experiments (setup using glycine) were conducted with a 400 MHz Bruker
Avance NMR spectrometer operating at a magnetic field of 9.4 T using a 4 mm probe
at a spinning frequency of 7 kHz. 3C CP spectra were acquired following a 4 us 90 °
pulse on 'H using a contact time of 1 ms and a recycle delay of 10 s. For the cement

control sample, 10,240 scans were collected and 100 Hz linebroadening was applied.
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For the PFA /cement sample, 51,200 scans were collected and 150 Hz linebroadening
was applied.

Ca SPE NMR spectra were acquired with a 900 MHz Bruker Avance II NMR
spectrometer operating at a magnetic field of 21.1 T using a 7 mm single channel
probe at a spinning frequency of 5 kHz. After a 1 us 40° pulse, spectra were acquired
with 81,920 scans using a recycle delay of 2 s. Spectra were referenced to 2.0 M CaCl,

solution at -14 ppm [49] and were processed with linebroadening of 200 Hz.

6.3.2 SEM/EDS

Fibre/white cement interfaces were examined with a Hitachi S-4700 SEM equipped
with an Oxford Inca Energy Dispersive X-ray analysis system. An accelerating voltage
of 12 kV was used. A current of 20 uA and a condenser lens setting of 5 was employed.
Elemental maps were acquired using magnifications of 500x and 6.00kx, with a live
time of 600 s (approximately 500,000 counts). Point map data were acquired with a

90 s live time (approximately 300,000 counts) for each point.

6.4 Results and Discussion

6.4.1 Interfacial Interactions Between Fluoropolymeric Powder and White

Cement at Short Range

SPE 27"Al MAS NMR spectra of Teflon/white cement, PFA /white cement, and a
white cement control are shown in Figure 6.5. Following Rottstegge et al. [72], the 27Al

resonances were assigned as aluminum monosulfates (13 ppm), aluminum trisulfates
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(10 ppm), and aluminum hydrates (3 ppm). From a comparison of these spectra, the
local environments of the cementitious 27Al sites do not seem to be affected by the

presence of either Teflon or PFA powder.

T T T T T T T T T T T
80 70 60 50 40 30 20 10 0 -10 -20 -30 -40 -50 -60 -70 ppm

Figure 6.5: SPE 2’Al NMR spectra of (a) white cement control, (b) Teflon/white
cement, and (c¢) PFA /white cement.

To determine if the polymeric F sites are affected by the presence of the cement
paste, SPE YF NMR spectra were acquired and examined. The SPE YF NMR spectra
of Teflon and Teflon/white cement are shown in Figure 6.6. The Teflon spectra are
quite simple, containing only one resonance at —123 ppm, which does not seem to
be affected by the presence of the white cement. SPE F NMR spectra of PFA,
PFA /white cement and a white cement control are shown in Figure 6.7. Resonances
for PFA are assigned based on the literature [103-105] as CF,; (=82 ppm), OCF,

(—81 ppm), CF, (=122 ppm), CF,(side chain) (=130 ppm), and CF (—137 ppm). The
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white cement control shows a minor fluorine signal; however, this is not substantial
enough to interfere with the PFA resonances. The YF sites in PFA are not affected

by the presence of the cementitious matrix.

)\
|

T T T T T T T T T T
-100 -105 -110 -115 -120 -125 -130 -135 -140 -145 ppm

Figure 6.6: SPE YF NMR spectra of (a) Teflon and (b) Teflon/white cement.
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Figure 6.7: SPE YF NMR spectra of (a) white cement control, (b) PFA, and (c)
PFA /white cement.
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YE — 27A1 CP/MAS NMR experiments were conducted to determine if interac-
tions were detectable between polymeric fluorines and cementitious aluminum at the
polymeric powder/white cement interface. These experiments did not yield any CP
signal, which suggests that there are no significant interactions taking place. This is
supportive of Bentur’s steel fibre/concrete interface model [20] since the porous/bulk
cement which contains aluminum can be up to 40 pum away from the polymer. The
YF — 27Al1 CP/MAS NMR experiment probes chemical interactions which occur
through space on an angstrom scale. If there is at most a 1 pum duplex film of
Ca(OH), at the fibre/cement interface the F sites of the polymer could not couple
with the 27Al sites in the cement. With Bentur’s model in mind and working with CP
NMR dipolar coupling distances on the angstrom scale, it is therefore not surprising
that the NMR data suggest that there are no detectable interactions between "F
in PFA and ?7Al in white cement, even if Bentur’s model is correct only out to one
micron.

13C CP/MAS NMR experiments were employed to determine if there were de-
tectable interactions taking place between polymeric carbons and cementitious pro-
tons at the PFA /white cement interface. The experiments were carried out on PFA
only, as it is the most likely to interact with the cementitious matrix, as a result of
its ether functionality. In contrast, Teflon is assumed to exhibit little to no bonding
characteristics with white cement. 3C CP/MAS NMR spectra of a white cement
control and PFA /white cement are shown in Figure 6.8. Both spectra have a strong

resonance at 168 ppm which is attributed to CaCO4 in the cementitious matrix.
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The 3C CP/MAS spectrum of PFA /white cement contains a broad resonance in the
range of 110-140 ppm that is not observed in the control sample. To assign this broad
resonance, the 3C spectrum for a similar fluoropolymer, Nafion (see Figure 6.9), pre-
sented by Chen et al. [103] was used. Table 6.1 summarizes the '3C chemical shifts
for Nafion and their assignments. Nafion resonances for OCF,(furthest from back-
bone), SCF,, and CF (side chain) would not be present in PFA 3C spectra. Of the
remaining possible resonances, CF5, OCF,, CF,, and CF (backbone), all resonate be-
tween 108-118 ppm, which falls into the range of the weak broad resonance observed
in the C CP/MAS NMR spectrum for PFA /white cement. From these results, it
is speculated that there is a weak hydrogen bonding interaction occurring between
the ether linkage in PFA and the hydroxyl groups in the surrounding cementitious
matrix, which gives support to Bentur’s interfacial model such that Ca(OH), would

form near the polymer/cement interface.

Table 6.1: SPE 3C NMR chemical shifts for Nafion as reported by Chen et al. [103]

Peak Position (ppm) Assignment

117.9 CF,

117.0 OCF, (nearest to backbone)
116.7 OCF,

112.2 SCF,

111.0 [CF,)]

108.0 CF (backbone)

102.9 CF (side-chain)

To investigate further the possibility of PFA /white cement interactions, SPE *3Ca
NMR experiments were conducted to determine if the calcium sites, specifically the

Ca(OH), or CSH sites, were affected by the presence of fluoropolymer powder. Taylor
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Figure 6.8: 3C CP/MAS NMR spectra of (a) white cement control and (b)
PFA /white cement.

and co-workers [14,70,71] describe the structure of CSH as tobermorite or jennite-like
(structures introduced in Chapter 1, Section 1.4). Bowers and Kirkpatrick [64] used
43Ca NMR spectroscopy to study the calcium environments of tobermorite, jennite
and Ca(OH), at a magnetic field strength of 21.1 T. *3Ca NMR resonances were
assigned between 0 and —40 ppm (—10 ppm maximum) for tobermorite and between
5 and —60 ppm (—24 ppm maximum). In the Bowers and Kirkpatrick study [64], the
resonances of tobermorite and jennite do not overlap and the Ca(OH), resonance,
between 30 and 70 ppm with a peak maximum of 60 ppm, only partially overlap
with jennite. Bryce et al. [49] report experimental CaCO; resonances at 3 to 6 ppm

and 0 to —30 ppm (10 ppm centre) for calcite and vaterite, which overlap with the
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Figure 6.9: Chemical structure of Nafion.

tobermorite spectral region. Figure 6.10 shows the SPE *3Ca NMR spectra of a white
cement control, Teflon/white cement, and PFA /white cement. The *3Ca resonances
were assigned as Ca(OH), (53 ppm), tobermorite (—10 ppm), and jennite (0 to 62 ppm
with a peak maximum at 31 ppm) consistent with the literature [49,54,56,60,64,106].
There is no significant increase in intensity observed in the 0 to —30 ppm region of

the spectra, indicating that carbonation of the samples is minimal.

T T T T T T T
200 150 100 50 0 -50 -100 -150 ppm

Figure 6.10: SPE **Ca NMR spectra of (a) white cement control, (b) teflon/white
cement, and (c) PFA /white cement.
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6.4.2 The Interfacial Transition Zone Surrounding Steel and Polymeric

Fibres and White Cement at Long Range

6.4.2.1 Elemental Mapping

The SEM/EDS technique (as introduced in Chapter 2) requires that sample sur-
faces be polished flat and coated with a conductive material. For porous material,
such as cementitious samples, there are many important things to consider prior to
sample preparation. Cementitious specimens should be impregnated with epoxy resin
to preserve the pore structure during sectioning and polishing procedures. Prior to
epoxy impregnation, samples must be dried to avoid incomplete curing of the epoxy
resin. There are four typical methods used to dry cementitious samples, namely vac-
uum drying, freeze drying, solvent exchange and oven drying. Kjellsen et al. [107],
used the freeze drying technique that first involved freezing the sample in liquid ni-
trogen then placing it in a cooled chamber under vacuum. This process is fast and
minimizes structural damage. The solvent exchange method is very slow, vacuum
drying can induce cracking, and oven drying can cause damage to some cement hy-
drates [76]. Considering these techniques, the freeze drying method was chosen for
this study. A low viscosity epoxy resin was used to impregnate the fibre/white ce-
ment samples. Sample surfaces are commonly polished using SiC, colloidal silica or
diamond paste. To avoid silicon contamination of the cementitious surfaces (as Si is
an element of interest in the cement matrix), diamond was chosen for all polishing

procedures in this study.
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Bentur et al. [26] proposed a model of the steel fibre/concrete interface which
is characterized by an interfacial transition zone of approximately 40 pm (rich in
Ca(OH),). It is anticipated that if there was indeed a calcium rich area surrounding
a steel or polymeric fibre it would be visible in a elemental map of the fibre/cement
interface. Elemental maps were recorded of the steel, HDPE/PP, PVA, Nylon 6.6,
PVDF, and PEI/white cement interface, viewing approximately 20 ym and 250 pym
of the interfacial transition zone, are shown in Figures 6.11, 6.12, 6.13, 6.14, 6.15, and

6.16, respectively.

Figure 6.11: SEM/EDS overlaid elemental maps of the steel/white cement interface.
The colours red, green, and blue correspond to Ca, C, and O, respectively, where (a)
and (b) show approximately 20 ym of the ITZ and (c) shows approximately 250 pm
of the I'TZ.
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Figure 6.12: SEM/EDS overlaid elemental maps of the HDPE/PP/white cement
interface. The colours red, green, and blue correspond to Ca, C, and O, respectively,
where (a) and (b) show approximately 20 pm of the I'TZ and (c) shows approximately
250 pm of the ITZ.

2000m

Figure 6.13: SEM/EDS overlaid elemental maps of the PVA /white cement interface.
The colours red, green, and blue correspond to Ca, C, and O, respectively, where (a)
and (b) show approximately 20 um of the ITZ and (c) shows approximately 250 pm
of the ITZ.
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Figure 6.14: SEM/EDS overlaid elemental maps of the Nylon 6.6/white cement in-
terface. The colours red, green, and blue correspond to Ca, C, and O, respectively,
where (a) and (b) show approximately 20 pum of the I'TZ and (c) shows approximately
250 pm of the ITZ.

Figure 6.15: SEM/EDS overlaid elemental maps of the PVDF /white cement interface.
The colours red, green, and blue correspond to Ca, C, and O, respectively, where (a)
and (b) show approximately 20 um of the ITZ and (c) shows approximately 250 pm
of the I'TZ.
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Figure 6.16: SEM/EDS overlaid elemental maps of the PEI/white cement interface.
The colours red, green, and blue correspond to Ca, C, and O, respectively, where (a)

and (b) show approximately 20 um of the ITZ and (c) shows approximately 250 pm
of the ITZ.

All coloured elemental maps are composed of an overlay of calcium (red), carbon
(green), and oxygen (blue) maps. HDPE/PP, PVA, Nylon 6.6, PVDF, and PEI are
carbon based fibres and as such all the composite maps picture the fibre in green, with
the exception of the steel composite elemental maps in which the fibre is coloured
grey. Recalling Bentur’s model of the steel fibre concrete interface [26] (introduced
in Chapter 1, Section 1.6.2.1), the interfacial transition zone is porous and rich in
Ca(OH),. To begin, the steel fibre/cement interfacial transition zone was compared
to Bentur’s steel fibre/concrete model. Focusing on Figure 6.11, the steel fibre/white
cement interface, large deposits of carbon are observed in direct contact with the steel
fibre (see Figure 6.11a and b). On the larger scale (Figure 6.11c), carbon deposits are

observed approximately up to 30-40 pum from the fibre surface. The carbon deposits
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are representative of the epoxy filled pores in the cementitious matrix. This porous
zone surrounding the steel fibre is consistent with Bentur’s model which described
a porous layer near the fibre concrete interface. It is difficult to determine visually
from these images if there is a substantial Ca(OH), layer present at the fibre surface
as suggested by Bentur et al. [26].

For the polymeric fibre/white cement interface composite elemental maps, it is
difficult to determine which carbon deposits are attributable to epoxy filled pores or
part of the fibre itself. The distribution of calcium does not suggest the presence of

a calcium rich layer near the polymeric fibre surface.

6.4.2.2 Point Analysis

To determine the characteristics of the interfacial transition zone as a function of
distance from the fibres of interest, spectra at a series of points were acquired, moving
away from the fibre surface. From this analysis, the percentage oxide of each element
of interest was calculated, based on stoichiometry, for each point. An example of
the point map anaylsis grid is shown in Figure 6.17 for the steel fibre/white cement
interface.

Using the point analysis data, the Ca/Si ratio was determined for points in the
interfacial transition zone between steel, HDPE/PP, PVA, PVDF, PEI, and Nylon
6.6/white cement.

Considering the possible cement hydration products, shown in Table 6.2, the only
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Figure 6.17: Example of a point map grid for elemental analysis of the interfacial
transition zone in a steel fibre/white cement composite.

Si containing product is CSH, which is the major cement hydration product. As-
suming that all of the SiO, reacts to form CSH, which typically has a Ca/Si ratio
of 1.5-2.0, the remaining amount of CaO which can form other products can be esti-
mated. With all SiO,, accounted for, the remaining cement hydration products consist
of calcium aluminates, calcium sulfates, and Ca(OH),. If a high Ca/Si ratio is ob-
served, it follows that there is low silicon content or high calcium content present in
the region. It is speculated that in areas of high Ca/Si ratios that the dominating
calcium species is Ca(OH),. Figure 6.18 shows that the Ca/Si ratio near the fibre is
high, and, with increasing distance from the fibre, the Ca/Si ratio tends to approach
more ideal Ca/Si ratios (shown by black horizontal lines) for CSH. The point analysis
method involved the manual selection of mapping points and numerous assumptions
to calculate the Ca/Si ratio at various distances from the fibre surface. To reduce the
potential error and possible bias, the fibre/white cement interfacial transition zones

were also analysed by image analysis in this work (see Section 6.4.2.3).
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Table 6.2: Cement hydration products
Chemical Formula
CaO - Si0, - H,O
Ca(OH),
3Ca0 - AL O4-3CaS0O,-32H,0
3Ca0 - Al,04-CaSO, - 12H,0
3Ca0 - Al,O4-CaCO4-11H,0
4Ca0 - ALO4-12H,0

14 4

12 4

+ Steel
HHDPE/PP
APVA

10 +

CalSi Ratio
>

Nylon
PEI
PVDF
P ¢ [

oh

[
2 C— _..—"‘ - "'A ‘E—l

0 2 4 6 8 10 12 14

Distance from Fibre /microns

Figure 6.18: Ca/Si ratio vs. distance from the fibre edge based upon point analysis
data.

6.4.2.3 Image Analysis

The elemental mapping procedure records the distribution of X-ray intensity over a
selected region of the sample, thus giving an assessment of the distribution of elements.
From this process maps of individual elements over a sample area can be generated.
To analyze the elemental data more closely, using the electron micrograph images (see
Appendix A), masks were created for each fibre (for an example see Figure 6.19) and
were used to determine the fibre edge in each elemental map. Elemental maps of Fe,

Ca, Si, Al, O, and C are presented for each fibre type; steel, HDPE/PP, PVA | Nylon
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6.6, PVDF, and PEI, in Figures 6.20, 6.21, 6.22, 6.23, 6.24, and 6.25, respectively. In
micron sized steps (see Figure 6.26), slices were selected up to 50 microns from the
fibre edge and the average pixel intensity was recorded. The average pixel intensity
gives an estimate of the amount of a particular element present in a given slice.
Following image analysis, the ratio of Ca/Si was calculated and plotted as a function

of distance from the fibre surface as shown in Figure 6.27.

100 m

Figure 6.19: Example of a fibre mask created and used for image analysis of SEM /EDS
elemental maps where the white space represents a steel fibre and the black space
represents the cementitious matrix surrounding the fibre.
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Figure 6.20: SEM/EDS elemental maps of the steel fibre/white cement interface.
Letters a-f correspond to Fe, Ca, Si, Al, O, and C.
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Figure 6.21: SEM/EDS elemental maps of the HDPE/PP fibre/white cement inter-
face. Letters a-f correspond to Fe, Ca, Si, Al, O, and C.
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Figure 6.22: SEM/EDS elemental maps of the PVA fibre/white cement interface.
Letters a-f correspond to Fe, Ca, Si, Al, O, and C.
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Figure 6.23: SEM/EDS elemental maps of the Nylon 6.6 fibre/white cement interface.
Letters a-f correspond to Fe, Ca, Si, Al, O, and C.
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Figure 6.24: SEM/EDS elemental maps of the PVDF fibre/white cement interface.
Letters a-f correspond to Fe, Ca, Si, Al, O, and C.
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Figure 6.25: SEM/EDS elemental maps of the PEI fibre/white cement interface.
Letters a-f correspond to Fe, Ca, Si, Al, O, and C.
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Figure 6.26: Example of micron sized slices used for SEM/EDS image analysis.
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Figure 6.27: Ca/Si ratio vs. distance from the fibre edge based upon image analysis
results.
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The Ca/Si ratio data, determined from image analysis, were compared using the
t-test, for cases of PEI vs. PVA, PVDF ws. Nylon, and Nylon vs. PEI to test if
the difference between Ca/Si ratio data that fall below a Ca/Si ratio of 1.5 (shown
in Figure 6.27) and those above a Ca/Si ratio of 1.5 is statistically significant. It
was found that PVDF has a higher Ca/Si ratio than Nylon (1.61 vs. 1.13, t=15.6,
p= 1.84 x 107%3), indicating that the difference in Ca/Si ratios of PVDF and Nylon
are statistically significant. Similarly, the difference in Ca/Si ratios of the interfacial
transition zone surrounding PEI and PVA are statistically significant. The difference
in the zones surrounding PEI and Nylon are also significant at the 0.01 level; however,
the effect size is small. The Cohen’s d values [108] are 2.61, 3.61, and 0.51 for cases
of PEI vs. PVA, PVDF ws. Nylon, and Nylon vs. PEI, respectively. The statistical

t-test results are given in Table 6.3.

Table 6.3: t-test comparisons between PEI, PVA, Nylon, and PVDF SEM/EDS image
analysis data

Comparison Mean t-statistic p-value
PEI vs. PVA 1.20 wvs. 1.60 12.9 3.72 x 107
PVDEF wvs. Nylon 1.61 vs. 1.13 15.6 1.84 x 1072

Nylon ws. PEI 1.13 ws. 1.20 2.51 0.007

The typical Ca/Si ratio in CSH (major product of cement hydration) falls be-
tween 1.5-2.0. Taylor [14] postulated that the structure of CSH is similar to that
of tobermorite and jennite (for chemical structures refer to Chapter 1). The Ca/Si
ratio in tobermorite is less than 1.2 and in jennite, greater than 1.2. Keeping these

ratios in mind, the structure of the interfacial transition zone can be determined. In
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Figure 6.27, there are three groups of possible structures observed that could sur-
round steel and polymeric fibres. The Ca/Si ratio of the interfacial transition zone
surrounding PEI and Nylon 6.6 fibres falls below the typical CSH Ca/Si ratio of 1.2.
The slope of these data is essentially zero and as there are no values of Ca/Si ratio
above 2, it is speculated that the CSH structure surrounding PEI and Nylon 6.6 fi-
bres is tobermorite-like. Although based on chemical structure of the fibres it was
anticipated that PEI and Nylon 6.6 would produce chemical bonding between the
fibre and the matrix, it has been shown previously in the literature that Nylon 6.6
exhibits poor chemical bond with cementitious matrices [28,29]. PEI contains similar
functionalities as Nylon 6.6 and was shown (in Chapter 4) to react, albeit minimally,
with the cementitious environment. Following hydrolysis in the cementitious matrix,
PEI’s structure contains an amine functional group like that of Nylon 6.6. Based on
the Ca/Si ratio surrounding PEI and Nylon 6.6 fibres, the similar functionalities in
the fibre structures and the knowledge of Nylon 6.6’s poor chemical bonding with
cementitious matrices, it is suspected that PEI fibres would not exhibit substantial
chemical bonding with cement.

In Bentur’s model (discussed in Chapter 1), it was reported that a large Ca(OH),
layer (30 pm) was present surrounding a steel fibre. From the SEM/EDS image
analysis data, it was observed that the Ca/Si ratio in the steel fibre/white cement
interfacial transition zone was generally between 1.5-2.0. Near the interface however,
within the first few microns, the Ca/Si ratio was higher which could indicate the

presence of Ca(OH),. From these observations, it is thought that Bentur’s model
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of the steel fibre/concrete interface is generally correct, however, in this work the
Ca(OH), layer is estimated to be only a few microns in thickness.

Considering PVA, which is hydrophilic and is known to bond strongly with cemen-
titious matrices [34,35], the data fall in the typical range for CSH and it is thought
that the CSH surrounding the PVA fibre is jennite-like. Interestingly, the data for
PVDF (hydrophobic) also fall in the same range as the data for PVA (hydrophilic).
It is possible that PVA and PVDF share a similar ionic bonding mechanism with
the cementitous matrix. When PVA is placed in a basic environment, like that of
cement, the hydroxyl proton can be removed allowing the oxygen to interact with
near by calcium in the cement as shown in Figure 6.28. PVDF, when drawn into
fibre, takes on a polarized -form (shown in Chapter 5, Figure 5.2), in which the par-
tially positive region could interact with the oxygens in the cement and the partially
negative region could interact with the calcium species. These results indicate that
PVDF could exhibit similar bonding character with cementitious matrices as PVA.

{CHg—(lZH]— Basic,_ {CHz—tliH —CH2—<|3H]*
OH"

o) o) :
\\‘ 2_|;/’
Ca

Figure 6.28: Potential bonding between PVA and cementitious matrices.
The interfacial transition zone between the HDPE /PP fibre and white cement was

also examined. The data for this fibre are not surprising, as the fibre is hydrophobic

and its bonding character is solely mechanical, due to the fibre’s ability to fibrillate
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during the mixing process. The Ca/Si ratio, up to approximately 5 ym from the fibre
surface, is within typical values for CSH, however, beyond this distance from the fibre,
the majority of the data are above a Ca/Si ratio of 2.0. A possible explanation for this
result is that the water in the cementitious matrix was repelled by the hydrophobic
nature of the fibre, creating a small region near the fibre with typical Ca/Si ratios
which is jennite-like and a larger region which contained more water, which increased

the probability of Ca(OH), formation.

6.5 Summary

In this study, the interfacial transition zone was studied at short range via NMR
spectroscopy between fluoropolymer powder and white cement and at long range via
SEM/EDS between steel/polymeric fibres and white cement. The interfacial inter-
actions between PFA and white cement were isolated by *C CP/MAS NMR spec-
troscopy. The ¥C CP/MAS NMR spectra of PFA /white cement, when compared to
the white cement control spectrum, suggest that there is a weak chemical bond be-
tween the ether functional group of PFA and the cementitious matrix, likely hydrogen
bonding. The 2"Al and F NMR experiments show that there is little interaction be-
tween the polymer YF sites and the cementitious 2"Al, which is supportive of Bentur’s
model in which any 27Al sites would be far from the interface, too far to be observed
via cross-polarization techiniques. It is speculated that the presence of hydrophobic
perfluorinated materials in cementitious matrices could cause localized regions around

a fibre, for example, to have a high water to cement ratio. The high water to cement
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ratio would create a more porous region that could cause the interfacial transition
zone surrounding a fibre of this type to fail.

SEM/EDS elemental mapping was used to investigate the structures of the fi-
bre/white cement interfacial transition zone for various fibres. Two methods were
used; point analysis and image analysis. Point analysis was much more time consum-
ing and involved more assumptions during analysis, thus in the future, image analysis
would be the method of choice when using the SEM/EDS technique. It was found
that for the steel fibre case that the transition zone possibly contains a Ca(OH), layer,
but it is estimated to be at most a few microns thick. The data indicate that the
interfacial transition zone between a fibre/white cement is affected by the chemistry
of the fibre itself. It was found that PVDF could potentially bond well with cemen-
titious matrices similar to PVA. PEI is thought to have poor bond with the matrix

as does Nylon 6.6.



Chapter 7

Conclusion

7.1 General Conclusions

The purpose of this dissertaion was to explore the chemical interactions between
polymeric powder /fibre and white cement. It was hypothesized that the chemical
interactions between polymeric fibres and concrete create additional bonding. To
test this hypothesis experimentally, the chemical degradation of EVA, PVDF, and
PEI powder in white cement and the chemical interactions between steel, HDPE /PP,
PVA, PEI, PVDF, and Nylon 6.6 fibres in white cement were investigated.

The hydrolysis of an EVA admixture in white cement was monitored using NMR
spectroscopy. It was found that the EVA hydration kinetics are pseudo-second order
until 32 days of cement hydration. Following 32 days of cement hydration, the hydra-
tion kinetics of EVA deviate from the pseduo-second order model and it is speculated
that a diffusion controlled mechanism is adopted. #3Ca and ?’Si NMR was used to
study the effect of EVA additive on the cementitious calcium and silicon species.
From the *¥Ca NMR spectra, it was not apparent that there was a change in the
structure of the cementitious calcium species as a result of the addition of EVA. It is

speculated, based on the ?*Si NMR spectra, that the hydroxyl groups in hydrolyzed
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EVA interact via hydrogen bonding with the hydroxyl groups in the silicate chains of
CSH creating additional bond between EVA and cement.

In an attempt to isolate the fibre white cement interface using NMR spectroscopy,
fluoropolymer powders were chosen to create heteronuclear pairs in which one nucleus
was exclusively associated with the polymer and the other with the cement. It was
found that there is little interaction between white cement and Teflon or PFA. There is
possibly a weak chemical bonding interaction observed (as shown with '*C CP NMR)
between PFA and white cement due to the presence of PFA’s ether functionality.

The potential polymer candidates for fibre production chosen by Trottier [13] were
examined in powdered and fibre form. It was found, using NMR spectroscopy, that
PEI reacted chemically in the cementitious environment via a hydrolysis pathway.
Through SEM/EDS studies it was shown that the interfacial transition zone sur-
rounding PEI is similar to that of Nylon 6.6, which is known to exhibit poor bond
with cementitious matrices. The results, coupled with the fact that Trottier [13]
was unable to draw PEI fibres due to temperature restrictions on the melt extrusion
line, and the high cost of PEI resin, indicate that this material is likely to make a
poor concrete reinforcing fibre, despite its high tensile strength and good thermal
properties.

PVDF was observed to react chemically with cement when in powdered form,
producing a brown composite. Through a variety of testing methods (NMR, IR, and
UV-Vis spectroscopies) it was concluded that the PVDF backbone had undergone

conjugation which gave rise to the brown colour. It is uncertain if this reaction would
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take place to a great enough extent to be detrimental to a PVDF fibre. Through
SEM/EDS analysis it was found that the S-PVDF fibre induced an interfacial tran-
sition zone similar to that surrounding PVA fibre, which is known to bond strongly
with concrete. These results indicate that PVDF or PVDF containing blended fibres
could potentially create a chemical bond and an interfacial transition zone like that
of strongly bonding PVA, but the bond could be tailored to allow for slow pull-out

from the matrix rather than fracture which typically occurs with PVA.

7.2 Recommendations and Future Directions

Based upon the results of the EVA study, it was recommended to project collabora-
tors to incorporate EVA into fibres for usage in fibre reinforced concrete applications,
either as a blended component (e.g., PP/EVA and HDPE/PP/EVA, similar to the
blended materials studied by [109-111]) or as a surface coating. The inclusion of EVA
is speculated to add additional chemical bond between the fibre and cementitious ma-
trix via hydrogen bonding. Fibres containing EVA as a blended component have been
successfully extruded and preliminary mechanical testing indicates that there is an
increase in bond as compared to similar fibres without an EVA component. In the
future, further investigations into the kinetics of EVA hydrolysis in cement after 32
days of hydration should be carried out to determine the diffusion controlled model
as well as to gain insight into how EVA will behave in cementitious matrices in the
long term (periods of years). More detailed mechanical testing and long term stud-

ies are required to confirm EVA’s capability of increasing bond strength between a
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blended fibre and cementitious matrices. This testing is currently underway in the
Department of Civil and Resource Engineering at Dalhousie University under the
supervision of Dr. Dean Forgeron.

Results of this dissertation have shown that PVDF is a promising material for
concrete reinforcement. Based upon the chemical bonding potential of PVDF with
cementitious matrices shown in this work (discussed in Chapter 5), PVDF blended
fibres have been extruded. PVDF fibres and PVDF blended fibres should be mechan-
ically tested in cementitious environments to determine its toughening capabilities
and long term testing on the fibres themselves should be carried out to determine if
backbone conjugation of the fibre surface would potentially become detrimental to the
fibre’s intrinsic properties. Preliminary mechanical testing data indicate that there
could be an increase in bond between PVDF and the cementitious matrix. Further
mechanical and long term testing is currently being carried out under the supervision
of Dr. Dean Forgeron.

Further study of the structure of the interfacial transition zone surrounding poly-
meric materials in white cement is required to confirm if different fibre chemistries
indeed induce changes in the CSH structure of the interfacial transition zone. Raman
spectroscopic mapping techniques are currently being explored as a suitable method
to examine the structure of CSH surrounding steel, HDPE/PP, PEI, PVDF, and
Nylon 6.6 fibres in white cement as a function of distance from the fibre surface.

Samples of synthetic tobermorite, natural tobermorite, and jennite will be used as
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controls to determine if the structure of CSH is affected locally by the presence of dif-
ferent polymeric fibres (to create an interfacial transition zone which is more jennite
or tobermorite-like) as it is speculated that the local CSH structure surrounding the
fibres, coupled with the possible chemical bonding between a fibre and cementitious
matrix, ultimately affect the overall bond between a fibre and concrete.

The studies presented in this dissertation involved a select few polymers (HDPE/PP,
PVDF, PEI, EVA, PFA, Teflon, and Nylon 6.6) and white cement, with cement hy-
dration times of 84 days or less. Future work on the chemical interactions between
polymeric fibres and concrete could expand on the selection of fibres as well as the
types of cements used and studies could be carried out over much longer time scales
(e.g., years). Eventually, it would be interesting to move from the model systems (ce-
ment and polymer powder /fibres) presented in this work to more complex concrete

composites.
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Appendix A

Fibre/White Cement Electron Images

100 1m

Figure A.1: Secondary electron image of the steel fibre/white cement interfacial tran-
sition zone.
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100 1um

Figure A.2: Secondary electron image of the HDPE /PP fibre/white cement interfacial
transition zone.

200 )1um

Figure A.3: Secondary electron image of the PVA fibre/white cement interfacial tran-
sition zone.
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100 um

Figure A.4: Secondary electron image of the PVDF fibre/white cement interfacial
transition zone.

200 1tm

Figure A.5: Secondary electron image of the PEI fibre/white cement interfacial tran-
sition zone.
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100 pum

Figure A.6: Secondary electron image of the Nylon 6.6 fibre/white cement interfacial
transition zone.



