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ABSTRACT

Highly transparent and tough graft-interpenetrating polymer networks (graft-IPNs) were
synthesized using an elastomeric polyurethane phase (PU) and a highly stiff acrylate-base
copolymer phase. The grafting points between the two networks were generated with the
purpose of minimizing the phase separation process of the polymeric systems. In order to
generate the grafting between the networks, an acrylic resin capable of undergoing both free
radical and poly-addition polymerization was employed. The thermo-mechanical properties,
fracture toughness properties as well as network and surface phase morphology of the graft-
IPNs synthesized were evaluated in this work. Data obtained suggested that the minimization
of the phase separation was achieved by the generation of crosslinking points between both
networks. High transparency was obtained in all samples as an indication of the high level of
interpenetration achieved. The relative high values obtained for the fracture toughness tests
coupled with the high transparency achieved suggest that generating chemical crosslinks
between networks is a good approach for diminishing the phase separation process in the

systems increasing the compatibility between the networks.
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CHAPTER 1.

INTRODUCTION

During the last decade our society has seen a reconfiguration of armed conflicts all over the
world. These conflicts are characterized by an escalation in violence and have become more
diversified. According to the BBC in their coverage of the Syrian conflict, an estimate of
more than 200,000 Syrians have lost their lives in a span of four years of armed conflict, a
civil war that is tearing Syria apart [1]. In a recent report done by Fischer H [2] for the
Congressional Research Service, shows the statistics regarding U. S. military and civilian
casualties as well as major limb amputations in the active missions Operation Freedom’s
Sentinel (OFS), Operation Inherent Resolve (OIR), Operation New Dawn (OND), Operation
Iraqi Freedom (OIF) and Operation Enduring Freedom (OEF) between October, 2001 and

July, 2015 are shown in Table 1 and Table 2 respectively.

Table 1. Number of casualties during operations OFS, OIR, OND, OIF and OEF, from
October 2001-July 2015, modified from reference [2].

Deaths (Hostile and Wounded in action
Non-Hostile)
Operation Iraqi Freedom 4,424 31,951
Operation Enduring Freedom 2,355 20,071
Operation New Dawn 66 295
Operation Inherent Resolve 7 1
Operation Freedom’s Sentinel 3 33



Table 2. Individuals with battle-injury major limb amputations for OEF, OFS, OIF, OND and

OIR, from October 2001 to June 2015, modified from reference [2].

Year OEF & OFS OIF, OND, OIR Total
2001 1 - 1
2002 1 -- 1
2003 9 71 80
2004 6 152 158
2005 17 147 164
2006 9 147 156
2007 16 197 213
2008 30 67 97
2009 67 24 91
2010 207 2 209
2011 257 3 260
2012 154 1 155
2013 39 -- 39
2014 15 1 16
2015 (partial year) 5 -- 5
Total 833 812 1,645

From the results of this report, one can see how critical it is the developing of novel armor

systems in order to protect the lives of not only military personal but civilians as well, from

the continuing escalations in the number and variety of threats present in today’s battlefield.



Transparent Armor

Over the years it has been demonstrated the importance of transparent armor in both military
and civilian scenarios. Transparent armor systems are employed in a vast array of critical
applications where the situational awareness is the fine line that divides life from death, such
as non-combat face-shields for riot control/security personnel, ground/air military/civilian
vehicle protection [3]. According to Grujicic and coworkers [4] the implementation of
transparent armor for windshields and side-windows in military ground vehicles
comprehends the majority of transparent armor systems deployment. In their research they
mentioned a set of key functional requirements for transparent armor systems used in ground-

vehicle occupant protection, which are mention bellow:

(a) Elevated single and multi-hit blast/ ballistic resistance

(b) Distortion-free and long-lasting surfaces for optical clarity/transparency

(c) Sufficiently low areal density

(d) Small transparent-armor panel-thickness to reduce vehicle interior space claim

(e) Compatibility with the on-board non-visible spectrum imaging and communication

equipment

(f) High-wear/low-velocity impact-scratch/damage endurance

(g) High performance-to-cost ratio

As aforementioned, these transparent armors need to be able to withstand high-energy
impacts and sustain their optical properties after several impacts. In order to do so, a material
needs to meet certain standards against ballistic impacts. The National Institute of Justice

(N1J), which is part of the U. S. Department of Justice, has developed a set of standards to



classify a material’s capability to overcome ballistic impacts. The NIJ standards for ballistic-

protective materials are shown in Table 3.

Table 3. NIJ (0108.01) standard for ballistic-protective materials, taken from reference [5].

Armor Test Nominal bullet ~ Suggested barrel  Required bullet  Required hits Permitted
per armor
type  ammunition mass length velocity test panel penetrations
I 22 LHRV 26¢g 15-16.5 cm 320+ 12 m/s 5 0
Lead 40 gr 6-6.5 in 1050 = 40 ft/s
38 Special 102 ¢g 15-16.5 cm 259 £ 15 m/s
R N lead 158 gr 6-6.5 in 850 + 50 ft/s
I-A 357 102 g 10-12 cm 381 £ 15 m/s 5 0
Magnum
JSP 158 gr 4-4775 in 1250 £ 50 ft/s
9 mm 80¢g 10-12 cm 332+ 12m/s
FMJ 124 gr 4-4775 in 1090 + 40 ft/s
I 357 102 g 15-16.5 cm 425+ 15 m/s 5 0
Magnum
JSP 158 gr 6-6.5 in 1395 + 50 ft/s
9 mm 80¢g 10-12 cm 358+ 12 m/s
FMJ 124 gr 4-4775 in 1175 £ 40 ft/s
II-A 44 1555¢ 14-16 cm 426 £ 15 m/s 5 0
Magnum
Lead 240 gr 5.5-6.25in 1400 =+ 50 ft/s
SWCGC
9 mm 80¢g 24-26 cm 426 £ 15 m/s
FMJ 124 gr 9.5-10.25 in 1400 =+ 50 ft/s
1T 7.62 mm 9.7¢g 56 cm 838+ 15 m/s 5 0
308 150 gr 22 in 2750 + 50 ft/s
Winchester
FMJ
v 30-06 108 g 56 cm 868 £ 15 m/s 1 0
AP 166 gr 22 in 2850 + 50 ft/s

AP-armor piercing; FMJ-full metal jacket; JSP-jacketed soft point; LRHV-long rifle high velocity; RN-round nose;
SWCGC-semi-wadcutter gas checked.



The aforementioned specifications given by the NIJ divide the potential threats into different
levels according to projectile parameters such as: type, weight, velocity, barrel length and
allowable number of penetrations for a given number of hits per armor test panel.
Nevertheless, it is of common knowledge that todays’ ballistic threats exceed the ones
currently considered in civilian transparent-armor ballistic performance specifications. These
protective systems typically cover only protection requirements against handguns and small-
caliber rifle rounds, while military vehicles face threats from a broader variety of heavier
ammunition. As a result, the US military is currently developing a new transparent-armor test
specification standard ATPD 2352 [6]. This new standard highlights all of the new key
specifications required for transparent armor systems and it will also serve as a future guide
for armor acquisitions by the Army. The ATPD 2352 standard will also specified the
ballistic-protection requirements with respect to the standard military threats (bullets of
various shapes and calibers), the standard will also contain the ballistic performance
requirements with respect to the Fragment Simulating Projectiles (FSPs) as well as the optical
transparency properties and environmental durability specification required. The addition of
the armor-protection requirements against the FSP threats is of particularly importance taking
into account the fact that Improvised Explosives Devices (IED)-related vehicle occupant

deaths have been escalating over the years.

Transparent Armor Construction

Traditionally, transparent armor systems are design and constructed as several laminates of
glass (soda-lime glass), and adhesive bonded with polymeric layers in between; the most
common polymers employed for this purpose are polyurethane and polyvinyl butyral [7]. A

schematic representation of the construction of typical transparent armor systems is shown in



Figure 1. As a result of their construction design and the high density of glass, in order to
achieve protection against single and multi-hit penetration, several layers of this glass-
polymer laminates are needed. This becomes a major disadvantage since it leads to an
increase in vehicle weight; reduction in cabin space; increased optical distortions and a

reduction of optical clarity/transparency [8].
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Polycarbonate
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Figure 1. Scheme of traditional transparent armor systems architectures based on glass
laminates and polymeric inter-layer, modified from reference [9].



Moreover, in a study conducted by Sands and coworkers [10] they observed how current
architecture employed for safety ballistic systems is limited by the mass efficiency. Under
this kind of construction the mass of the transparent armor systems contributed as much as
30 % of the overall weight of the armor vehicle, but only offered 15 % of the total covering

area of the ground vehicle.

In order to improve the mass efficiency in the transparent armor systems many efforts have
been made to improve the architecture of the systems. Most recent transparent armor systems
typically consist of three functional layers: a) a projectile-blunting/eroding/fragmenting hard
strike face; b) energy-absorbing, crack-arresting, thermal-expansion-mismatch mitigating
intermediate layer and c) a fragmented-armor debris containment spall-liner/baking layer [11].

A schematic representation of the aforementioned armor systems can be seen in Figure 2.

Polyurethane
Inter-layers

LIt

Polycarbonate

Polyurethane
Inter-layers

Polycarbonate

Figure 2. Schematic representation of most recent three-functional-layer design of the
transparent-armor systems, modified from reference [9].



Transparent-armor functional layers

As mentioned in the previous section, the most recent architecture in transparent armor
systems predominately consists of three different layers. Each of these layers fulfills a critical
role in stopping a high-energy impact. The description and requirement for each of these

layers is mentioned bellow.

Strike-face layer

The strike-face layer is made from ceramics with high hardness and mechanical properties in
order to decelerate the projectile and to dissipate its impact energy. As ceramics are
inherently brittle, their inner constituents show extensive cracks after receiving an impact
from a first projectile at high velocity. Such damage weakens the armor panel, and so has
adverse effect on penetration of a following projectile, impacting within a few centimeter of

the first [12]. The functional requirements for this layer are summarized as follows:

a) High optical transparency in the visible and infrared wavelength ranges.

b) High ability to blunt projectile through prolonged interfacial dwelling and mechanical

erosion.

¢) Good low-velocity (stones, pebble, etc.) impact damage resistance.

d) Good environmental resistance (thermal gradients, sand erosion, ultra violet radiation, etc.)



Intermediate layer

In this layer, since the projectile has already been slowed down (and consequently, fragment
accelerations are lower), the effect of its erosion becomes secondary to the energy-absorption
accompanying fracture of the resistance layer material. This layer requires high bending
strength and bending recovery to increase the resistance of the former layer [13]. The

functional requirements for this layer are summarized as follows:

a) High optical transparency in the visible and infrared wavelength ranges.

b) High kinetic energy absorption capability via fine-scale fracture/fragmentation.

c¢) High bending stiffness in order to provide stiff backing support to the strike-face layer.

d) The ability to localize cracking/damage in order to not compromise in the armor’s multi-

hit ballistic performance.

e) Good environmental resistance (thermal gradients, ultra violet radiation, etc.).

Spall/backing layer

The role of the backing layer is to provide support for the intermediate layer in order to avoid
surpassing its bending strength under the projectile impacting [14]. The functional

requirements for this layer are summarized as follows:

a) High optical transparency in the visible and infrared wavelength ranges.

b) Projectile/armor spall containment capability.



¢) Good environmental resistance (thermal gradients, sand erosion, ultra violet radiation, etc).

d) High chemical/chemical-warfare-agent resistance.

e) High resistance to scratching, etc.

Ballistic Transparent Materials

Traditionally the most common materials for the construction of transparent armor
applications are: a) glass (soda-lime glass); b) devitrified glass ceramics; ¢) mono-crystalline
and sub-micron grain size polycrystalline ceramics; and d) thermoplastic and thermosetting
amorphous glassy polymers [15]. In this section a brief overview of the most important

functional and processing attributes of each of the aforementioned materials is provided.

Glass

For many years, soda-lime glass (also known as float glass) it has been used in transparent
armor applications because of its good combination of properties like stiffness, compressive
strength and durability. Furthermore, glass-structure fabrication technologies enable the
production of curved, large surfaces, transparent structures with thickness approaching
several inches, relatively low material and manufacturing costs and controlled crystallization,
improving the shock/ballistic impact survivability of the transparent structure. Because of all
of these attributes ballistic glass remains as an important constituent material in the majority
of transparent impact-resistant systems used today [16]. However, glass-based transparent

armors are generally heavy due to their large areal density. Many efforts have been made to

10



try to reduce the areal density of ballistic glass. Recently, Shim and coworkers [17] evaluated
the areal density of a strengthened soda-lime silicate (SLS) glass as a function of areal
density. In their study they were able to improve some critical properties like the fracture
toughness and flexural strength by 5% and 250%, respectively while decreasing the areal

density from 68.85 to 50.06 Kg/m”.

Glass-ceramics

Glass-ceramics were discovered in 1953 by Stanley Stookey while working for Corning
Glass Works, and ever since a lot of research has been done on the material. Glass-ceramics
also known as vitrocerams, are produced by controlled crystallization of certain glasses.
Glass-ceramics are inherently free from porosity, which in principle gives them several
advantages such as: a) the can be mass produced by any glass-forming technique; b) it is
possible to tailor their nanostructure for a given application; ¢) as previously mentioned, they
present zero or very low porosity and d) it is possible for the material to combine a variety of
desired characteristics. These materials display values on average of fracture strength
between 100-250 MPa and fracture toughness between 1-2.5 MPa m"?, which are higher than
those of most commercial glasses. However, most glass-ceramics present lower hardness and
Young’s modulus than ceramics, but present the great advantage of lower areal density and a

much lower production cost [18].
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Crystalline Ceramics

Crystalline ceramics are primarily used as the strike-face layer in some of the most advanced
transparent armor systems today, due to their exceptional hardness/compressive strength
properties. Among this branch of materials, three groups are generally considered: a) single
crystal transparent ceramics such as AlOs-based sapphire; b) sub-micron grain size
polycrystalline transparent ceramics like aluminum-oxy-nitride (ALON™) and c¢)
magnesium-aluminate Spinel fine-grain transparent ceramics. A brief description of the

aforementioned materials is given in bellow.

Sapphire

The single crystal form of pure aluminum oxide (Al,O3;) or sapphire has a hexagonal-
scalenohedral crystal structure with an anisotropic material behavior that is highly dependent
on crystal orientation. Due to its excellent mechanical properties, optical transparency,
infrared (IR) transmission and commercial availability, sapphire has emerged as a promising
high-performance transparent material. Sapphire when compared to glass, offers improved
durability, reduced weight and increased protection in a range of harsh-environment
applications like bullet-resistance armor windows. Strictly from the transparent armor
applications point of view, de most desirable characteristics offered by sapphire are: a) high
stiffness and hardness/compressive strength; b) intermediate density; c) high chemical
resistance and d) wide availability. However, the maximum panel sizes are very limited and
sapphire has a high cost primarily because of expensive machining and polishing processes

[19, 20].

12



ALON™

Transparent aluminum oxynitride (ALON™) ceramics have attracted more attention as a
ceramic material for IR/visible windows, transparent armor systems, and several other
applications due to its excellent mechanical properties. When compared to single crystal
sapphire, aluminum oxynitride ceramics like ALON can be formed into near-net shapes, save
energy and greatly reduce the machining costs. ALON ceramics are considered to match or
even outperform sapphire with respect to most of the structural/environmental properties [21,
22]. However, to date it is a challenge to manufacture ALON ceramics with an in-line

transmittance above 80% as explained by Su and coworker [23].

Spinel

Magnesium aluminate spinel (MgAl,O4), commonly known as Spinel, is a translucent
ceramic that is developed by Westinghouse. This material has attracted a lot of attention for
its application in transparent armor systems due to its excellent mechanical properties and
relatively high IR cut-off wavelength [24]. Nonetheless, according to Kim and coworkers

[24], the fabrication of large MgAl,O4 with transmittance above 80 % is still a big challenge.

Amorphous Glassy Polymers

Amorphous glassy polymers are generally used as the intermediate or spall/backing layer in
most recent transparent armor systems, due to the ductility that this kind of materials present.
Currently, poly(methyl methacrylate), PMMA, and polycarbonate, PC, along with
polyurethane, PU, are the most frequently found polymers for transparent armor applications

[25]. A brief description of these polymers and their properties is given bellow.
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Poly(methyl methacrylate), (PMMA)

It is believed that the capability of PMMA to absorb energy from a ballistic impact by a
deformation mechanism is a result of its ductility. Patel and coworkers [26], describe how
PMMA'’s ductility is related to the molecular relaxation of the side chain carbonyl ester
groups present in its chemical structure, see Figure 3. The molecular mobility of these side
chain groups is rather flexible at ambient temperatures, nonetheless, these short side groups
become utterly immobilized once they are exposed to conditions in which the rate of
mechanical deformation increases and reaches a threshold value. Some of the most valuable
characteristics of PMMA for transparent armor systems are: a) relatively high elastic
stiffness; b) ultra violet radiation resistance; ¢) chemical resistance; d) scratch resistance and

e) high optical transparency.
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Figure 3. Chemical structure of poly(methyl methacrylate) [27]

Polycarbonate

It is well known that polycarbonate has superior fracture toughness to that of PMMA; as a
result, PC is more frequently used in transparent armor systems as the spall/backing layer.
The ductility shown by PC is attributed to the molecular motions in its main chain, see Figure

4. These motions are thought to be present even upon exposure to high-rate mechanical
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deformations, which gives PC its efficiency in dissipating the energy coming from a ballistic

impact [26].

OO~

Figure 4. Chemical structure of polycarbonate [28].

Polyurethane

Polyurethane is a highly desirable material for engineering applications due to its inherent
molecular microstructure, see Figure 5. Furthermore, the possibility of modifying its
chemical structure to obtain glassy like materials or soft and flexible like elastomers makes it
a really practical material for its application in armor systems. However, most available
polyurethanes present a slight tinting, which affects the optical transparency in thicker
sections. For this reason polyurethanes are mostly used as a thin-film adhesive interlayer in

transparent armor systems [4].
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Figure 5. Chemical structure of polyurethane [29].
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As it was mentioned before, the approach of using a multilayer architecture for the
construction of transparent armor systems generally results in a very high areal density in
order to achieve the desired level of protection. This excess in weight not only affects
negatively the vehicle’s fuel economy but also their transportability, deployability and
mobility. The added weight also increases the probability of mechanical and structural failure
in the battlefield. Therefore, an increasing number of research groups all around the world
have been devoted to the development and design of light-weight, low cost transparent armor
materials with superior ballistic penetration performance as well as blast survivability.
Among the novel most recent approaches aimed to increase the mass efficiency of transparent
armor systems, the development and used of different polymeric materials has attracted a lot
of attention. The choice of polymeric materials for such applications is due to their relative
low density when compare to other high-performance materials, as well as for the capability
that polymers offer to tailor their properties according to the present needs. In the following
section, a literature review of the different polymer blends used in high-performance

engineering applications is given.

Multicomponent Polymeric Materials

When two or more polymeric materials are mixed, the composition obtained as a result of the
mix can be called a multicomponent polymeric material. There are many different ways, in
which two different kinds of polymers can be mixed, see Figure 7. The result of mixing
different polymers in an extruder gives a polymer blend. If the different chains are bonded
together the result can be a graft copolymer (there is bonding between some portion of the
backbone of polymer I and the end of polymer II), or a block copolymer (where chains are

bonded end to end). Some other types of copolymer are AB-crosslinked copolymers (here
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two polymers make up one network), and the interpenetrating polymer networks, IPNs, as
well as semi-interpenetrating polymer networks, SIPNs [30]. Further description of the

different polymer blends is given bellow.

d) e) f)

Figure 6. Basic combinations of two polymers: a) polymer blend; b) graft copolymer; c)
block copolymer; d) AB-graft copolymer; e) IPN and f) SIPN. Taken from reference [20].

Polymer blend

In most scenarios, neat polymers are not able to provide all the required properties for high-
performance engineering applications such as toughness, strength, environmental resistance,
etc. Thus, they are usually combined with one or more other polymers in order to fulfill the
desired requirements [32]. Polycarbonate is a widely used polymer in transparent ballistic

resistant armor systems; nonetheless, polycarbonate may brake in a brittle manner at low
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temperatures. In order to overcome this problem many researchers have try to solve this
problem by blending polycarbonate with another polymeric material. In a study conducted by
Sivaraman and coworkers [33] they describe the use of a polycarbonate/thermoplastic blend
to improve the impact strength sensitivity and thickness as well as to improve solvent

resistance of neat polycarbonate.

Graft Copolymers

Many different high-performance polymeric materials have been synthesized by means of
macromolecules with a wide variety of architectures containing hard backbone and soft
branches (grafts). The generation of grafts in a copolymer is generally done with the intention
to improve the miscibility and processing of this kind of polymer blend. As a result of the
improvement in miscibility, most graft copolymer also exhibited an improvement in their
mechanical properties [34]. Jouenne and coworkers [35] mentioned how in order to improve
polystyrene’s (PS) toughness a graft copolymer of polystyrene and polybutadiene (PB) was
developed. Here, the improvement in toughness was achieved by controlling the dispersion of
the micro-size particles of polybutadiene thanks to the formation of PS homopolymer chains

as well as PB-g-Ps graft copolymers, resulting in a multiphase material.

Block Copolymers

This kind of polymer multiphase system belongs to a special category of self-assembled
nanostructurated materials. Block copolymers present the ability of controlling their structure,

size and morphology by modifying their molecular structure, molecular weight and
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composition. This versatility has attracted a lot of attention from the scientist community as
well as the industry for their potential application in high-performance materials [36].
LaShonda and co-workers [37] described the use of a new poly(arylene ether sulfone), PAES,
and polydimethylsiloxane, PDMS, and bisphenol A, BA, block copolymers to improve the
optical and mechanical properties of the final material, when compared to its parent

constituents.

IPNs and semi-IPNs

In the past five decades, interpenetrating polymer networks have attracted the attention of the
scientific community. This is due to the possibilities of achieving materials with excellent
physical properties such as high-toughness, optical transparency and excellent damping
behavior [38]. Both IPNs and semi-IPNs belong to a category of polymeric materials known
as multicomponent polymers or polymer alloys. Moreover, these kinds of polymers are
prepared by chemical means, such as crosslinking, with the idea of improving the
compatibility of otherwise immiscible polymer blends [39]. A broader description of

interpenetrating polymer networks is given in the following section.

Interpenetrating Polymer Networks

Sperling L. H [40] defines an interpenetrating polymer network as the combination of two or

more other polymers in network form that are synthesized in juxtaposition, see Figure 7.
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Network | Network Il Full IPN

Figure 7. Interpenetrating Polymer Network [41].

It 1s generally known that the vast majority of IPNs do not interpenetrate at the molecular
level, but rather form different phases finely divide at the nanometer scale. This phase
separation shown by interpenetrating polymer networks is a complex subject both

theoretically and experimentally.

Nevertheless, these kind of multicomponent polymeric systems represent an excellent
approach for combining the properties of different polymeric materials in a synergetic way.
This kind of behavior was described by Li and co-worker [42] in their study on force
compatibility. They found that even though there exist phase separation in IPNs, these
materials usually presented highly uniform phase structures, much better than those of the
parent polymer blends. They attributed this behavior to the particular network structure of
IPNs. Where the higher compatibility achieved could be called “force compatibility”, since
the mixing enthalpy does not play a major role in the improvement of miscibility of the

system.
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Different kinds of IPNs

Over the years IPNs have been classified into many different ways. One way is to divide
them into a full-IPNs in which all networks are crosslinked and into semi-IPNs, in which one

or more polymers are crosslinked and one or more are linear or branched [43].

Latex interpenetrating polymer networks, LIPNs, are another kind of IPN that is prepared by
multistage emulsion polymerization, generally presenting a core and shell structure. LIPNs
have been broadly used in the synthesis of rubbers, plastic modification, coatings, adhesives,
damping materials, as well as in medical materials [44]. Shi and co-workers [45] investigated
how to control the morphology of these LIPNs by means of controlling the particle growth of

the system for its potential application on the biomedical field.

Gradient interpenetrating polymer networks are another kind of IPNs. These are materials in
which the overall composition or crosslink density of the material varies from location to
location at the microscopic level [40]. Lipatov and co-worker [46] how a gradient IPN can be
seen as stack of layers of polymer blend with the composition and physical properties
gradually changing from surface to the center of the material. In a study carried out by Berry
and co-workers [47] a series of poly(ether urethane) with urea and acrylamide. They were
capable of synthesized high-strength water absorbing hydrogels offering good

biocompatibility for medical applications.
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IPNs can also be classified according to their synthesis method as Simultaneous IPNs (SIN)
and as Sequential IPNs. During the simultaneous synthesis, the monomers or polymer
constituents, plus crosslink agents and catalyzers are mixed together. And then the reaction is
carried out simultaneously as indicated by its name, but there is no interference whatsoever

between reactions, see Figure 8 [48, 49].
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Figure 8. Synthesis scheme for simultaneous interpenetrating polymer networks.

In the case of sequential method, polymer network I is synthesized first and then monomer II
plus crosslinking agents and catalyzers are swollen into the network I and polymerize in situ,
see Figure 9. As in the case of the simultaneous synthesis method, the two polymerization

reactions are carried out without any interference [40, 50].
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Figure 9. Synthesis scheme for sequential interpenetrating polymer networks.

Interpenetrating Polymer Networks used in Transparent Armor Systems

As it has been discussed in previous sections, in order to improve a vast variety of military
and civilian structures and vehicles against blast and ballistic threats, there has been a great
interest in developing and deploy novel impact resistant transparent materials. These
materials need to present lower densities to maximize mobility and reduce wear as a

consequence of the added weight. They also need to present high optical transparency.

Currently available materials for transparent armor applications are limited to a small number
of polymers, glasses and ceramics. For this reason, a lot of researchers around the world have
approach this problem by producing different multicomponent polymeric systems in order to
improve current materials and to adapt to the escalation and diversification of today’s threats.

As aforementioned, polycarbonate is a ductile thermoplastic, which is widely used for
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transparent armor materials. Nonetheless, it is limited by its notch sensitivity in thicker
samples and by its processing properties. Several efforts have been made to improve the
mechanical properties of polycarbonate. Yin and co-workers [51] described how using small
amounts of acrylonitrile-butadiene-styrene (ABS) in an alloy of PC/ABS had significantly
reduced polycarbonate’s notch sensitivity and improved its processing properties. Following
this line of thought, other research groups have tried to toughen transparent epoxy resins by
the addition of rubber and rigid particles. An example of this is the study carried out by Gao
and co-workers [52], where a rubbery block copolymer grafted SiO, toughened epoxy was
synthesized. By this method, they were able to improve the fracture toughness as well as the

fracture energy.

Bird and co-workers [53] however, followed a different approach to solve this problem. In
their work, a full-IPN of polyurethane and poly(methyl methacrylate) was synthesized. In this
case, the polyurethane was the soft, rubbery high-impact absorbing phase, while the highly
stiff PMMA provide strength and high modulus to the system. By following this approach,
they were able to improve the fracture toughness of neat PMMA by 70 %, while keeping an
optical transparency above 80 %. Nonetheless, they found that depending on the length of the
diol employed for the synthesis of the polyurethane network, phase separation was obtained,

losing some of the optical transparency.
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Research objective

The purpose of this research is to address the phase separation problem of full-IPNs by
generating chemical crosslink points between networks, thus, generating a class of IPNs
called graft-IPNs. The graft-IPNs synthesized in this work consisted of a highly stiff
copolymer phase, which is comprised of the bis(2-hydroxy-3-methacryloxypropyl) ether
(BisGMA) resin and three different monomers capable of radical polymerization: methyl
methacrylate (MMA), triethylene glycol dimethacrylate (TEDGMA), and styrene; and a soft
based on a rubbery polyurethane phase (PU) with a high flexibility and capability of energy
absorption. The crosslinking of the two networks is accomplished by means of the BisGMA
resin. This resin has terminal double bonds and secondary hydroxyl groups, which allows the
resin to react with the acrylic monomers by radical polymerization, as well as undergo a
polyaddition between the secondary (-OH) groups and the (NCO) groups of the isocyanate.
In this work, it is hypothesized that the generation of crosslinks points between networks
could minimize the phase separation and at the same time improve the mechanical properties
of the final material. In this work we also studied the influence that the different PU and

copolymer constituents have on the physical properties of graft-IPNs was studied.
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CHAPTERIII.

Sequential graft-Interpenetrating Polymer networks

Introduction

Over the past decades, polymer blends also known as multiphase polymeric systems have
been employed in a broad number of design applications that require high resistance to
fracture, a highly desired characteristic for virtually all engineering materials [54]. These
polymeric materials became appealing due to their low density when compare with other
engineering materials, due to the ability to synergistically incorporate properties of their
individual components and achieve materials with better mechanical properties than the

original constituents, as well as for their transparency [55].

The challenges with these multiphase systems are to improve their compatibility and
interfacial adhesion between phases, so as to guarantee the desired performance of the final
material. It is known that only a relative small number of polymer pairs form miscible blends,
mostly because of these blends have low entropy of mixing. Although the entropy of mixing
favors the miscibility of a given system, it also depends on the number of molecules per unit
volume. Thus, the higher the molecular weight of the polymers involved, the fewer molecules

per unit volume and the lower the entropy of mixing. And since the heat of mixing of
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polymers pairs is generally unfavorable, polymer blends tend to macroscopically phase

separate, leading to systems with poor mechanical properties [56, 57, 58].

In order to overcome this problem, many efforts have been made to find different ways to
improve the miscibility of multiphase systems, one of this approaches involves the use of
interfacial agents. These agents decrease the average domain size of the disperse phase by
acting as steric barriers at the interphase region, enhancing the level of interactions between

the polymer phases [59, 60, 61].

Another well-known method to minimize phase separation in a polymeric system is through
interpenetrating polymer networks (IPNs). Mignard and coworkers [58] define an
interpenetrating polymer network as a system constituted by two or more polymer networks
partially interlaced on a polymeric scale but not chemically crosslinked. Different kinds of
IPNs can be found based on the synthesis method; the two most common methods for their
synthesis are sequential and simultaneous polymerization [58]. In the synthesis of IPNs, at
least one of the polymers in the system is in the form of a monomer, and since most
monomers are small molecules they have appreciable entropy of mixing. Also, the presence
of physical interlocks give to the IPNs a more uniform phase structure than those of the
parent polymer blends, leading to what is called force miscibility, since the compatibility is

not achieved by the mixing enthalpy or entropy [42, 58].

Nevertheless, IPNs usually present some degree of phase separation at some stage of the

synthesis. For instance, it has been observed that synthesis of IPNs by simultaneous method
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results in phase separation [62]. Phase separation in sequential polymerization has also been
observed, here, the entropy of mixing is lost during the second polymerization, due to the

increase in size of the molecules as the polymerization continues [57].

In early works done by C. Chen and coworkers [63] and L. Hua and coworkers [64] they
reported the implementation of a vinyl ester resin (VE) with a polyurethane network for the
synthesis of simultaneous interpenetrating polymer networks. This VE resin was capable of
undergoing both free radical polymerization as well as step-wise polymerization. Here the
formation of crosslinks between networks was never the objective. Furthermore, the
generation of crosslinks was in fact avoided. Studies on the morphology showed clearly that
more that one phase was present in the system, as a result of the phase separation between

networks.

In the present work, we addressed the phase separation problem of IPNs by generating
chemical crosslink points between two networks, thus, generating a class of IPNs called
graft-IPNs. Furthermore, the time dependent properties of these novel graft-IPNs are also
studied in order to characterize the stress relaxation displayed by our system. The synthesis of
graft-IPNs was carried out using the sequential methodology, where the PU phase was
polymerized first. Then the copolymer, which was swelling the elastomeric phase, was
polymerized in situ within the PU network. The thermo-mechanical properties, fracture
properties, stress relaxation properties as well as the phase morphology of the graft-IPNs

were studied in this work.
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MATERIASL AND METHODS

Materials

For the synthesis of the polyurethane phase (PU), two polyols were employed: 2-ethyl-2-
(hydroxymethyl)-1,3propanediol ~ (TRIOL) from Acros Organics, (USA), and
poly(tetramethylene ether) glycol (PTMG) average M, ~ 650 and ~1400 g mol™' from Sigma-
Aldrich, (USA). Both TRIOL and PTMG were mixed beforehand, through melting. The
TRIOL and PTMG mixture was melted in an oven under strong vacuum to remove moisture.
This procedure was employed for the different molecular weight PTMGs. The isocyanate
used was hexamethylene diisocyanate 98.0% (DCH) from TCI, (USA). Two catalysts were
used for the synthesis: dibutylin dilaurate, 98% (DD) distributed by Pfaltz & Bauer, (USA)
and triphenylbismuth, 99+% (TB) from Alfa Aesar, (USA). Ethyl acetate was used as an

analogue for both catalyzers.

The copolymer was synthetized using the bisphenol A bis(2-hydroxy-3-methacryloxypropyl)
ether (BisGMA) from Esstech, (USA) and two acrylic monomers: methyl methacrylate 99%
stabilized (MMA) from Alfa Aesar, (USA) or triethylene glycol dimethacrylate stabilized
(TEGDMA) from TCI, (USA) (see Structure 1) while 2,2’-azobis(2-methylpropionitrile),

98% (AIBN) from Sigma-Aldrich, (USA) was used as an initiator.
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Synthesis of graft-IPNs

The synthesis of the different graft-IPN systems, see Figure 10, was carried out in a single-
step procedure. Both the copolymer phase and the PU phase were prepared separately at

room temperature conditions.

Soft phase: polyurethane

OH CH,
PTMG ) TRioL

H(\OWO\H HO—G/\,»OH
A L
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A 4 \C§O Isocyanate
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Figure 10. graft-IPNs reaction scheme.

First, the copolymer was prepared by mixing the acrylic monomer (MMA or TEGDMA) with
the BisGMA resin, keeping a mass ratio of 90:10 acrylate:BisGMA. The amount of radical
initiator employed for the polymerization was 1 wt% of the total copolymer mass. For the
polyurethane phase, the DCH was added to the PTMG/TRIOL mixture. The following ratio
was used to synthesize all polyurethane networks, 0.19eq TRIOL: 0.12eq PTMG: 0.31eq
DCH. In order to generate the crosslink points between networks, an additional quantity of
DCH was added to the polyurethane precursor solution in a eq ration of 1:1 DCH:BisGMA.
Then, the polyurethane precursors were added to the copolymer precursor solution.

Following this, DD and TB were added to catalyze the polyurethane system. After mixing
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both solutions, all samples were placed in an oven at 40°C for 17 h after which the samples
were transferred to a water bath where the temperature was raised to 60°C for 24 h and

finally the temperature was raised to 80°C for 24 h.

Several graft-IPN formulations were prepared following the above-mentioned procedure. The
ratio of copolymer to polyurethane content changed from 90 wt% copolymer and 10 wt% PU
to 50 wt% copolymer and 50 wt% PU, this was reproduced for the 650 and 1400 g mol™
PTMG methyl methacrylate based graft-IPNs, as well as for the 650 g mol' PTMG

triethylene glycol dimethacrylate based graft-IPNs.

TECHNIQUES

Fourier Transform Infrared (FTIR)

Fourier transform infrared spectroscopy was done using a Thermo Scientific Nicolet™ 6700
spectrometer in attenuated total reflection (ATR) infrared mode. The analysis was carried out
within the frequency range of 4000-400 cm™ by co-adding 32 scans and at a resolution of 2

-1
cm .

Extent of Reaction at Gel Point

The extent of reaction at the gel point was determined by Flory and Stockmayer’s statistical

approach to gelation.
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Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) on a TA Instruments RSA III was carried out to assess
the thermo-mechanical properties by three-point bending. The tests were performed at
temperatures ranging from -45 to 200 °C with a heating rate of 5 °C/min. The frequency was
fixed a 1Hz and a sinusoidal strain-amplitude of 0.1 % was used for the analysis. The
dynamic storage modulus (E’) and tan & curves were plotted as a function of temperature. The
temperature at the maximum in the tan d curve was taken as the Ty. The E” at T, + 50 °C was

chosen as the rubbery plateau modulus, Eg, for each system.

Molecular Weight between Crosslinks

The average molecular weight between crosslinks (Mc) for the 650 and 1400 g mol” PU
based systems was calculated using Equation (1), which is based on the theory of rubbery

elasticity [68].

3pRT

M, =
Cc Eg

(1)

Where p is the density of the sample; T is the temperature (K); R is the universal gas

constant, and Eg is the storage modulus in the rubbery plateau at temperature T.

Transmission Electron Microscopy

Transmission electron microscopy (TEM) on a Zeiss EM 10C 10CR microscope was used to
study the morphology of the different networks. Samples were prepared using Kato’s osmium
tetroxide (OsQy) staining method, as described elsewhere [53]. All samples were stained for

48 hours prior to analysis.
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Ultra violet Spectroscopy

UV- Vis transmittance spectra was collected for the various ratio of MMA based copolymer
to 650 and 1400 g mol”' PTMG based polyurethane. A UV-Vis 2450 spectrophotometer from
Shimadzu Scientific Instruments was employed to acquire the spectra data. All samples were

analyzed in the 900-400 nm range.

Scanning Electron Microscopy

Scanning electron microscopy (SEM) on a Zeiss EVO 50 variable pressure scanning electron
microscope with digital imaging and EDS (were the graft-IPNs were sputter coated with an
EMS 550X auto sputter coating device with carbon coating attachment) was used to study the

fracture surfaces of the 1400 g mol”' PTMG based system.

Fracture Toughness

In order to characterize the fracture toughness of the graft-IPNs synthesized, in terms of the
critical stress intensity factor, Kjc, quasi-static fracture tests were performed. The cured graft-
IPN sheets were machined into rectangular coupons of dimensions 70 mm x 20 mm and 2.8
mm thickness in case of 650 g mol" PTMG methyl methacrylate based graft-IPNs and 70
mm x 15 mm and 2.8 mm thickness for 1400 g mol”' PTMG methyl methacrylate based graft-
IPNs. An edge notch of 3 mm in length was cut into the samples, and the notch tip was

sharpened using a razor blade.
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An Instron 4465 universal testing machine was used for loading the specimen in tension and
in displacement control mode (crosshead speed = Imm/min). The load-deflection data was
recorded up to crack initiation and during stable crack growth, if any. The crack initiation
toughness or critical stress intensity factor, Kjc, was calculated using the load (F) recorded at
crack initiation. For each graft-IPN category, at least three sets of experiments were
performed at laboratory conditions. The mode-I stress intensity factor for a single edge

notched (SEN) tensile strip using linear elastic fracture mechanics is given by Equation (2)

[69],

K, - F@f(ﬂ) @
Bw

where,

(i) e gjoel) 2(s) (]

and a is the edge crack length, w is the specimen width, B is the specimen thickness and F is

the peak load.

Tensile Analysis

To characterize the tensile properties of graft-IPNs in terms of the elastic modulus, yield and
ultimate stresses, quasi-static tension tests were performed. For quasi-static tension tests, the
cured graft-IPN sheets were machined into dumbbell shaped specimen, which was inspired
from ASTM D638 test method [70]. The size of the sheets that could be prepared precluded a

complete adherence to ASTM standards.
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An Instron 4465 universal testing machine was used for loading the specimen in tension and
in displacement control mode (crosshead speed = 1 mm/min). An extensometer with 0.25”
gauge length was used to record the strain. The load vs strain data was recorded up to 7 %
strain for 650 g mol”' PTMG methyl methacrylate based graft-IPNs and up to 20% strain for
1400 g mol' PTMG methyl methacrylate based graft-IPNs. Using the geometry of the

specimen, stress was evaluated from load measurements to obtain stress vs strain data.

For each graft-IPN category, at least three sets of experiments were performed at laboratory
conditions. The elastic modulus was evaluated from the slope of the stress-strain curve at less

than 2% strain.

Stress relaxation measurements

Stress relaxation tests were carried out on samples on a TA Instruments Rheometrics Solids
Analyzer, RSA III, by three-point bending. The tests were performed at temperatures of 25,
60 and 70 °C. Each sample analyzed was strained by 0.1% and the stress relaxation modulus,
E(t), decay was recorded as a function of time (t). A 1 min delay was applied before the

beginning of the experiment to allow the samples to equilibrate at test temperature.
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RESULTS AND DISCUSSION

Analysis of FTIR measurements

In order to monitor the polymerization process of the polyurethane network infrared spectra
were recorded. The analysis if based on the peak change of the functional group isocyanate
(NCO) and acrylic double bond during the reaction time. The isocyanate absorption band is
assigned at approximately 2300-2200 cm™ in the mid infrared spectrum and its decay can be
used to follow the conversion of the NCO group during the polymerization. For scaling the
decrease of the NCO absorbance, the C-H stretch absorption (approx. 2960 cm™) was used as
an internal standard as shown in Figure 11, since its concentration does not change during the

reaction.
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Figure 11. FTIR of graft-IPNs at different times during the curing process.
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For the analysis it was assumed that there are no side reactions, and the isocyanate

conversion was calculated as follows:

(Anco/Achz)

Isocyanate conversion =1-
y (p) (Anco/AcHz2)o

Equation (3) [71]

Where Anco is the integrated absorbance for the isocyanate group, Acpp 1s the integrated
absorbance for the CH, group and (Anco/Acmz2)o 1s the relative absorbance extrapolated for
time zero. All experiments were carried out at temperatures and times use for the synthesis of

graft-IPNs. Figure 12 shows the results from the FTIR experiments and the corresponding

NCO conversion curves.
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Figure 12. Isocyanate conversion plot.
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The samples analyzed by infrared spectroscopy were: 70:30 copolymer:PU graft-IPN, pure
PU, PU + BisGMA and DCH + BisGMA. All samples were synthesized using the 650 g mol
" PTMG. From figure 12 it can be seen that the PU network and the graft-IPN reached very
similar conversion values after 3900 minutes of reaction. One can also notice that the
conversion value for the NCO on the graft-IPN sample was close to 93 %. For this sample in
particular a NCO conversion above 82 % is an indication of the reaction of the secondary

hydroxyl groups present in the BisGMA resin with free NCO groups in the PU network.

Since 18 % of the total NCO present in the sample is added with the solely purpose of
generating grafts between networks, this means that 62 % of the total possible grafts were
generated during the reaction time. Moreover, by analyzing these curves it seems that the
presence of the methyl methacrylate monomer does not have a strong influence in the
formation of the PU network in the graft-IPN system, since their conversion curves are
practically overlapping. Figure 12 also shows how similar the PU + BisGMA and DCH +

BisGMA conversion curves are.

One could speculate that the secondary hydroxyl groups from the BisGMA resin are reacting
throughout the entire reaction time and not only when the primary hydroxyl groups coming
from the PTMG and TRIOL are depleted. Regarding the follow up of the copolymer network
formation, the conversion of the acrylic double bonds absorption band in the 1630-1650 cm™
was monitored. Although since the data was gathered in the solid state rather than the liquid
stated, the data collected was not sufficiently accurate to allow a proper determination of the
final double bond conversion of the copolymer network present in the sample. The extent of

reaction at the gel point was determined experimentally and theoretically for the samples
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under analysis. The latter was obtained using Flory and Stockmayer statistical approach to
gelation as describe elsewhere [72]. From Table 4 it can be seen that the extent of reaction

determined experimentally are really close to the theoretical ones.

Table 4. Determination of extent of reaction at gel point.

Sample Gel time Conversion at gel ~ Conversion at gel time
(minutes) time (Flory & Stockmayer)
(Experimental)
graft-IPN 242 87 % 82 %
PU 222 69 % 79 %
PU + BisGMA 182 80 % 82 %
DCH +BisGMA - -- --

Thermo-mechanical characterization

The variables studied in the present work included the ratio of copolymer to PU, the
molecular weight of poly (tetramethylene ether) glycol (PTMG) and the acrylic monomer
employed to synthesize the copolymer phase. The ratio between the di- to tri-functionalized
monomers (PTMG:TRIOL) for the PU phase was kept constant, since it is related to the
crosslink density of the PU network. The ratio between the acrylic monomers to BisGMA
resin was also kept constant. The number of possible crosslinks between networks is bounded
by the reaction of secondary OH groups present in the BisGMA resin and the free isocyanate

groups present in the PU network. If the acrylic monomer to BisGMA ratio were to be
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changed, the moles of the latter resin would change, thus, altering the number of secondary

OH group available for grafting.

All variables under study showed a major impact in the storage modulus of the systems.
However, only the ratio of copolymer to PU and the acrylic monomer used had a significant
effect on the 7, of the systems. Figure 13 and 14 show the thermo-mechanical properties
(storage modulus, E’, and tan §) of the graft-IPNs synthesized using the 650 g mol”" PTMG as
a function of temperature. In addition, Table 5 summarizes the results for all the different

systems studied.
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Figure 13. DMA results showing change in the storage modulus for graft-IPNs with various
ratio of MMA based copolymer to 650 g mol”" PTMG based polyurethane.
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For all systems under study, it was observed that as the copolymer content increased, the
samples exhibited higher values for the storage modulus, E’; a highly expected result since
the copolymer phase provides the stiffness to the system. Samples consisting of 90 wt%
copolymer showed a storage modulus of 3.35, 2.73 GPa at 25°C for the 650 and 1400 g mol™
PTMG methyl methacrylate based graft-IPNs. While for the TEGDMA based graft-IPNs a
value of 5.28 GPa at 25°C was obtained using the 650 g mol' PTMG. Samples containing
less than 70 wt% of copolymer showed inferior values for the storage modulus, which can be

attributed to the elastomeric contribution of the PU phase.

When comparing the systems with different molecular weight PTMGs, a substantial
difference in the storage modulus was observed. As shown in Table 5, the storage modulus
values for the system using the 1400 g mol”' PTMG are inferior to those of the 650 g mol™.
This reduction in the storage modulus may be explained by the higher mobility that a longer
macrodiol provides to the PU network [62]. When analyzing the storage modulus of the
TEGDMA-based samples (see Table 5), it can be seen that the substitution of a single double
bond monomer (MMA) in the copolymer for a monomer with two double bonds (TEGDMA)
had a major impact on the storage modulus. Samples containing this dimethacrylate monomer

had a tendency to present higher storage modulus than those synthesized using MMA.

As described by Heatley and coworkers [73], BisGMA-TEGDMA copolymers are
characterized by presenting high degrees of crosslinking, due to presence of two double
bonds in their chemical structures, which generated more crosslink points within the
copolymer network, resulting in an increase in the crosslink density of the network. This

increase in the crosslink density diminished to a certain extent the mobility of the network
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chains, increasing the stiffness of the system, thus, increasing the storage modulus of the
samples. To corroborate this statement, the Mc of the MMA and TEGDMA graft-IPNs were
experimentally estimated by measuring the equilibrium storage modulus in the rubbery state,
using the Equation (1) from the theory of rubber elasticity. The samples analyzed were the
70 % copolymer content using the 650 g mol” PTMG. The results showed Mc values of 910
and 72 g mol' for the MMA and TEGDMA samples respectively. As expected the

dimethacrylate-based sample showed the lowest value for Mc, which as stated earlier,
provides an explanation for the higher values of storage modulus obtained for all TEGDMA-
based samples over its MMA-based counterparts. Figure 14, shows the plot of tan  as a

function of temperature for the MMA based graft-IPNs synthesized using the 650 g mol’
PTMG.
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Figure 14. DMA results showing change in tan d for graft-IPNs with various ratio of MMA
based copolymer to 650 g mol”' PTMG based polyurethane.
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In this graph, a maximum peak of the loss factor showed the characteristic relaxation
associated with the glass transition temperature of the different systems under study. It was
observed that as the weight percentage of copolymer increased in the samples, the maximum

peak of the loss factor gained prominence and moved to higher temperatures.

The narrow peak of the loss factor in the sample with 80 and 90 % copolymer content
suggested a high degree of miscibility. For the rest of the samples a broad transition with a
shoulder related to the glass transition of the PU phase was observed in the curves, which it is
characteristic of a partially miscible system. A similar peak in the loss factor for the 90 %
copolymer content was also observed for the composition using the 1400 g mol” PTMG, as
well as broader transitions for samples containing < 90 weight percentages of copolymer.
This suggests that several different relaxation mechanisms are present in the produced

network, and they may be related to the nano-heterogeneity of the system [62, 53].

In the case of the TEGDMA-based graft-IPNs, all samples presented broad transitions, also
suggesting a high level of heterogeneity in the system. However, in the case of
dimethacrylates, the heterogeneity formed, as explained by Podgorsky. M [74], results from
highly crosslinked structures in which a broad distribution of micro-domains can be found.
This kind of polymer networks have shown both loosely connectivity and highly crosslinked
regions, as well as regions were unreacted monomer is present. This lack of homogeneity in
the network structure has as a result the manifestation of a broad distribution of relaxation

times due to the matrix mobility.
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Table 5. Storage modulus, E’, glass transition temperature, Ty, storage modulus at the

rubbery plateau, Er, and M¢ for the different graft-IPNs synthesized.

Sample Copolymer E'(Pa)at T, (°C) Er (Pa) Mc
content (Wt%) 25°C 1
(g mol™)
Graft-IPN 90 335x 100 120 1.20x 107 890
with 650 g . ,
] 80 3.02x 10 110 1.80x 10 637
mol~ PTMG
70 2.07 x 10° 98 1.57x 107 910
60 1.40 x 10° 97 1.84x 107 655
50 0.96 x 10’ 83 - -
Graft-IPN 90 273x10° 120 1.04x 107 1360
with 1400 g . ,
] 80 2.36x 10 107 1.36x 10 907
mol~ PTMG
70 1.39x 10° 97 9.77 x 10° 1265
60 0.95x 10’ 83 1.18x 107 1030
50 0.41 x 10° 72 - -
Graft-IPN 90 5.28 x 10’ 141 - -
with 650 g .
] 80 441x10 121 - -
mol~ PTMG
, 70 1.08x10° 118 1.73 x 10® 72
Tri-EDMA
60 0.62 x 10° 116 - -
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Network Morphology

The network morphology of the graft-IPN was studied to corroborate the improvement
achieved in the interpenetration of the two polymer networks as a result of the chemical
crosslink between networks. Figure 15 shows TEM photos of sections cut from stained
methyl methacrylate copolymer based graft-IPN samples containing 70% copolymer content
with different molecular weight PTMGs at different stages of the curing process. Here, the

dark zones correspond to PU regions, since the PU phase is the one that absorbed the dye,

while the clear zones correspond to the copolymer phase.

a) 650 g/mol PTMG 60 °C
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b) 650 g/mol PTMG 80 °C

¢) 1400 g/mol PTMG 60 °C
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d) 1400 g/mol PTMG 80 °C

Figure 15. TEM photos of graft-IPNs with 70 wt% MMA based copolymer using the 650 g
mol”! PTMG at (a) 60 °C, (b) 80 °C and 1400 g mol™ (c) 60 °C and (d) 80 °C.

In general, the morphology presented by different IPNs is rather complex, since different
competing processes may occur simultaneously during polymerization. In sequential
polymerization; as is the case in this work, the formation of the first network has a major
impact on the formation of the second, limiting the range of compositions and the material’s

final properties obtained by following this synthetic route.

As shown in Figure 15c, it appears to be a slight formation of PU domains for the 1400 g
mol”! PTMG graft-IPNs at 60 °C. As the curing process of the samples was finalized after 24

h at 80 °C, the PU domains seemed to disappear (see Figure 15d). This observation may be
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explained by further formation of crosslink points between the two networks by means of the
reaction between the hydroxyl groups present in the BisGMA resin with the isocyanate

groups present in the PU phase.

These TEM pictures are a corroboration of the decrease in size of these domains by the
formation of the aforementioned crosslinking points, which improved the system’s
miscibility, thus minimizing the phase separation between networks [62]. Furthermore, when
comparing the two graft-IPNs with different molecular weight PTMGs, it can be seen from
the TEM pictures that both systems presented a fine dispersion of both networks through the
entire sample. This is attributed to the successful interpenetration of the two different

networks at the molecular level [53].

Degree of transparency

Transparency of the MMA based copolymer using the 650 and 1400 g mol” PTMG samples
synthesized was analyzed. The system presented a relative high degree of transparency,

showing values of transmittance between 65 and 90%, as shown in Figure 16a.
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Figure 16. UV-vis spectrum of MMA based copolymer and a) 650 g mol"' PTMG based
polyurethane and b) 1400 g mol” PTMG based polyurethane graft-IPN.

The same degree of transparency was also observed for the 1400 g mol”" PTMG based system,

as seen in Figure 16b.
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These results are also confirmation of the high degree of interpenetration achieved on both
systems regardless of the molecular weight of the PTMG. There is no visible evidence of
macroscopic phase separation in the samples studied, supporting the results shown in the plot

of tan d as a function of temperature.

Stiffness and fracture toughness

The stress versus strain plots obtained from the tension tests in case of 650 and 1400 g mol’’
PTMG are shown in Figure 17a and 17b respectively. These results were obtained from Dr.
Tippur’s research group in the Department of Mechanical Engineering at Auburn University,
Alabama. It can be seen that the modulus and the peak stress drops progressively with

increase in PU resulting in no observed failure within the window of imposed strains.
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Figure 17. Stress vs Strain plots for MMA based copolymer samples using (a) 650 g mol™
PTMG and (b) 1400 g mol”' PTMG based polyurethane during tension test.

Table 6 shows results obtained for the quasi-static crack initiation toughness, Kic for the
graft-IPNs studied. When both systems are compared, it can be seen that the graft-IPNs
synthesized with the 1400 g mol” PTMG have a slightly higher value for the quasi-static
crack initiation toughness than those synthesized using the 650 g mol”' PTMG. Furthermore,
it can be observed that both systems displayed the highest value of fracture toughness in
samples with a 70% of copolymer content, suggesting that there is an optimum copolymer to

PU ratio.
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Table 6. Results obtained for the fracture toughness tests performed on different graft-IPNs
synthesized.

Sample Copolymer Ki.(MPam'?) E (GPa) Ultimate Failure
content (wt%) stress (MPa)  strain
(%)
Graft-IPN 90 1.17+0.03 3.3+0.05 61.79 3.05
with 650
g/mol 80 1.16+0.14 3.6£0.03 47.97 2.155
PTMG 70 2.70+0.09 2.240.02 35.78 >7
60 1.84+0.06 1.3£0.04 18.06 >7
Graft-IPN 90 1.49+0.05 3.4+£0.05 76.50 10.80
with 1400
g/mol 80 2.35+0.08 2.65+£0.0 52.29 >20
PTMG 8
70 2.95+0.12 2.540.11 34.27 >20
60 1.73+0.04 1.2+0.08 18.11 >20
Graft-IPN 70 0.77£0.02 - - -
with 650 g
mol™!
PTMG
TEGDMA

Determination of average molecular weight between crosslinks (Mc) and its relation
with fracture toughness.

The average molecular weight between crosslinks for the MMA based graft-IPNs was
experimentally obtained by measuring the storage modulus in the rubbery plateau, Eg, at
50 °C above the glass transition temperature according to the Equation (1) from the theory of

rubber elasticity.
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In previous studies done by Karger-Kocsis and coworkers [75], Liang and coworkers [76],
Liu and coworkers [77], a linear correlation between the fracture toughness and M¢ was
found. It was seen that as Mc increased in the system the higher the Kjc value became.
Sherman and coworkers [78] attribute this to an increase in the free volume of the materials,
which allows more space resulting in an increase of chain motions capable to accommodate
the applied load. Nevertheless, a linear correlation was not found for the system under study,
the results showed that the K;c values did not increase as Mc increased, which seems to
suggest that a different mechanism is responsible for the increase in the fracture toughness
displayed by graft-IPNs. This tendency holds true for both 650 and 1400 g mol’ PTMG

based graft-IPNs, as seen in Figure 18a and Figure 18b.
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Figure 18. Plot of (a) K;. vs Mc plot and (b) K, vs Mcl/ 2,

Surface Morphology

In order to study the fracture mechanics of the graft-IPN systems, SEM images were taken

from samples used for fracture testing. Figure 19 shows the fractured surfaces of graft-IPNs

samples with different copolymer to polyurethane ratios for the graft-IPNs synthesized using

the 1400 g mol”' PTMG.
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fb) 70:30 Cop:PU

Figure 19. SEM photos of (a) 60 wt% copolymer, (b) 70 wt% copolymer, (c) 80 wt%
copolymer and (d) 90 wt% copolymer MMA based graft-IPNs samples using the 1400 gmol™
PTMG.
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From Figure 19, it can be seen that regardless of PU content present in the samples, this
factor does not have a significant effect on the surface area created were the fracture
propagated through the material. When compared to previous work done by Bird and
coworkers [53], the authors were able to observe how an increase in the PU content in the
system resulted in an increase on the surface area were the fracture propagated through the
material. They also observed how the samples with a higher PU content had better fracture
toughness values, which led them to correlate the surface area generated during fracture

testing with the fracture toughness properties of the material.

However, this correlation between an increase of surface area and fracture toughness was not
observed on the graft-IPN systems. Although it was possible to see how samples with a
copolymer content equal or superior to 80 % show brittle fractures while samples under 80 %
copolymer content show did not show a brittle fracture. These results suggest that a different
fracture mechanism is responsible for the improvement in the fracture toughness values

presented by the graft-IPN.

Stress relaxations of graft-IPNs

The data of three-point bending stress relaxation analysis of graft-IPNs at different
temperatures are shown in Figure 20. In this figure, the relaxation modulus, E(t), measured at
three different temperatures is normalized with respect to the initial relaxation modulus in

order to obtain E,(t), and then plotted as a function of time.
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Figure 20. Normalized stress relaxation modulus for graft-IPNs with different copolymer
content, a) 60%; b) 70%; c) 80%; d) 90%, and e) 100% at three different test temperatures.

It can be observed from Figure 20 that relaxation modulus decreases with an increase in the
temperature and time. Moreover, in general all relaxation curves showed a negative slope
even after the test was completed. These results clearly indicate that the samples were still
relaxing after the test’s time frame and they did not reach the equilibrium relaxation modulus.
From Table 7, it can be seen that in most of the compositions analyzed the E(t) decreased as
the test temperature increased, this kind of behavior indicates a predominance of the viscous

component at higher temperatures due to an increase of free volume of network, resulting in

chain movements [82].
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Table 7. Initial stress relaxation modulus of graft-IPNs at different temperatures and
copolymer weight percentage.

60 wt% 70 wt% 80 wt% 90 wt% 100 wt%

25°C 1.08 x 10’ Pa 182x10°Pa  3.22x10°Pa 244x10°Pa 228x 10’ Pa
60 °C 326x10°Pa 7.53x10°Pa  1.46x10°Pa  1.63x10°Pa 1.36x 10’ Pa

70 °C 250x10%Pa  4.76x10%Pa  1.41x10°Pa 2.02x10°Pa 1.48x10°Pa

Modeling of Stress Relaxation Behavior of graft-IPNs

The stress-relaxation features of polymers are generally described by the stress relaxation
time, 1, and the stress relaxation modulus, E(t). Barua and co-workers [83] described the
relaxation time, 1, as a characteristic measure of time dependent stress decay, o(t), from a
deformed state, 6y, under a constant initial strain, €. A general description of the relationship
between the stress decay, o(t), the stress relaxation modulus, E(t), and the initial strain, g is

given by Equation 4,
E@) =22 @
€o

In this chapter, two different models were considered for modeling the stress relaxation
behavior of graft-IPNs. The two models employed for this purpose were the biexponential
Maxwell model, which yields two characteristic relaxation times (one fast, t, and one slow,

T5) [84], as given by

En(t) = ¢rexp (/1) + ¢sexp (—t/75) (5)
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where ¢ and ¢ are adjustable weighting factors that sum to nearly unity. The second model
employed on this study was the Kohlrausch-Williams-Watts (KWW), commonly known as

stretched exponential [85], which is given by

E,(t) = exp[—(t/7)"] (6)

where b, is referred to as the stretching exponent, and takes values between zero and one.
Table 8, summarizes all the experimental data obtained from the application of the two

models to the stress relaxation curves of the graft-IPNs under study.

Table 8. Summary of the Stretched exponential and biexponential Maxwell stress relaxation
times for graft-IPNs with different copolymer wt%.

Kohlrausch-Williams-Watts biexponential Maxwell
Sample (KWW)
T(s) T Ts (s)

25°C  60°C 70°C [25°C 60°C 70°C | 25°C 60°C 70°C
60 790 11.25 5.50 11.1 24 1.1 3043 89.3 31.7
70 4777 9.0 -0.1 11.1 1.3 0.6 2600 36.8 15.9
80 21503 618 0.34 13.8  21.8 29.1 3578 1460 837
90 303940 23792 20506 12.7 12.0 16.3 5578 3297 3428
100 | 331705 368730 22772 19.7 3.5 1.5 11666 4603 2717

The application of the KWW model to the stress relaxation curves as shown in Figure 21,
results in an unsatisfactory fit for all systems under study. However, the employment of the
biexponential Maxwell quiet accurately describes the stress relaxation behavior of graft-IPNs.
In order to compare the fit accuracy between models, a fit comparison was performed using
the Akaike’s information criterion test (AIC), a widely used test for model selection [83]. The
evaluation of each model fit was carried out using the Origin graphing and analysis software
on a personal computer. According to the AIC test, the biexponential Maxwell model is 7.38

¢® times more likely to be correct than the Stretch exponential model.
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Figure 21. Fit comparison between the Stretch exponential model and the biexponentail
Maxwell model for graft-IPN sample with a copolymer to PU ratio of 90:10.

The temperature dependence of 15 on the reciprocal of temperature is shown in Figure 22.
One can see that the long time component of the stress relaxation generally displays a typical

Arrhenius behavior [86], which is described by

s = Toexp(Qn/RT) (7).

where 19 is a constant, Q, is the activation energy, R is the gas constant and T denotes the
absolute temperature. From Figure 22, it can be seen that there is a marked difference on the
activation energy for systems with copolymer a content above 80% and the systems below
80%. One could speculate that the graft-IPN system undergoes a change in the stress
relaxation mechanism when the copolymer content reaches 80%. Furthermore, as seen in the
fracture test section, there is a clear change from a ductile behavior for samples under 80%

copolymer content to a brittle behavior for samples above 70% copolymer content.
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Figure 22. Temperature dependence of 1, for gaft-IPNs with different copolymer content.

However, evaluation of Q, from the values of 1, shown in Figure 22 provides the data

displayed in Figure 23.
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Figure 23. Relaxation activation energy, Q,, as a function of copolymer content.

63



From Figure 23, it can be seen that in general terms, the graft-IPNs exhibited an Arrhenius-
type behavior, which means that it seems to be direct composition-dependent effect in the

segmental mobility of the graft-IPN system.

64



CONCLUSIONS

In this study, a series of graft interpenetrated polymer networks consisting of a polyurethane
and a copolymer network were synthesized. Where, the influence of the copolymer to PU
ratio, molecular weight of the PTMG and copolymer’s chemical composition on the thermo-
mechanical and fracture toughness properties, as well as both network and surface

morphology were systematically studied.

As expected, the findings suggest that the toughenability of the graft-IPNs synthesized was
highly dependent on all three aforementioned variables. It was found that samples comprise
of 70 wt% MMA based copolymer and 1400 g mol”’ PTMG based polyurethane presented
the best combination of high E’, 7, and fracture toughness of all systems under study. The
network morphology studies showed that there is no clear domains in any of the samples
analyzed, what suggests that phase separation was successfully minimize by the generation of

crosslink points between the copolymer and PU networks by means of the BisGMA resin.

The surface morphology analysis suggests that a different fracture mechanism is accountable
for the improvement in the fracture toughness presented by the graft-IPN systems, since there
is no clear correlation between an increase on the fracture toughness and an increase in
surface area were the fracture propagated in the samples. Additional work is still needed for
understanding the fracture mechanism accountable for the high crack initiation toughness

showed by graft-IPNs.
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The stress relaxation behavior of different graft-IPNs was studied by means of three-point
bending at three different temperatures. The stress relaxation analyses were carried out at a
set strain of 0.1%. It was observed that the stress relaxation modulus decreased with time for
most graft-IPN formulations. Moreover, the initial stress relaxation modulus was also found
to decrease with an increase in the temperature. This effect is due to the predominance
displayed by the viscous component at higher temperatures. The stress relaxation results were
analyzed using the stretched exponential model and the biexponential Maxwell model. It was
found that the biexponential model was far more accurate for the prediction of the stress

relaxation behavior of the graft-IPNs systems.
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CHAPTER III.

Vinyl ester-based graft-Interpenetrating Polymer Networks

INTRODUCTION

Vinyl ester resins,VE, are commonly synthesized by reacting acrylic acids with a bisphenol
A-based epoxy resin, see Figure 22. Typically, bisphenol-A based dimethacrylate resins are
characterized for their high viscosity. For this reason, vinyl ester resins are crosslinked using

a low viscosity reactive monomer or diluent such as styrene [85].

o GHy OH GH, o
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CH, CHj d |
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Figure 24. The methacrylation of DGEBA to form vinyl ester monomer, modified from
reference [86].

Vinyl ester resins were developed in an attempt to combine the mechanical and thermal

properties of epoxy resins with the fast curing process presented by unsaturated polyester
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resins. This combination of properties makes them particularly interesting for applications in
high-performance composites [87]. Moreover, vinyl ester resins are frequently used to make
polymer matrix composites in both military and civilian applications due to their high
modulus, low weight and low cost. When compared to unsaturated polyester systems, vinyl
ester resins have superior properties as well as lower manufacturing costs and are easier to

process than epoxy based systems [88].

However, a major disadvantage showed by vinyl ester resins is their brittle nature, which is
translated in low fracture toughness. For this reason, many scientists and engineers have
devoted their efforts to improve vinyl ester resins fracture toughness. Many different
approaches have been taken in order to improve the toughness of vinyl ester resins including
(a) modification of network structure by means of modifying VE’s molecular weight and
styrene content, (b) use of reactive and non-reactive rubber modifiers designed for phase
separation upon cure, and (c) use of nanostructurated thermoplastics fiber mats for

interlaminar toughening [89].

Nonetheless, all of these techniques present some limitations. For instance, little toughness
improvement is achieved by modifying the network’s structure. Rubber-toughened VE resins
usually achieve better fracture resistance, however, the thermal resistance as well as the
modulus of the original resin are severely compromised. In the case of using nanostructurated
thermoplastic fiber mats, this generally results in complex and difficult processing problems

[90].
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Chen and co-workers [91] took a different approach in order to improve the vinyl ester
toughness by incorporating a rubbery polymeric material into the system. In their work, they
studied the synthesis as well as the thermal properties and morphology of simultaneous full-
interpenetrating polymer networks, full-IPNs, based on blocked polyurethane, PU, and vinyl
ester, VE, resin. However, the generation of chemical crosslinks between the networks by
means of the hydroxyl groups present in the VE resin was never the intention of the authors,

as in previous studies done on the subject [92].

This part of the research was focused on the thermo-mechanical, morphological and optical
effects produced by modifying the chemical composition of the copolymer phase. As
aforementioned, the purpose of modifying the copolymer’s composition by the addition of
the monomer styrene (Figure 25), was to observe the effect that this modification had on
some of the thermo-mechanical properties studied on Chapter II, such as modulus, glass
transition temperature, transparency, molecular weight between crosslinks and fracture
toughness. As it was explained in a previous chapter, some materials show the capacity to
absorb energy from a ballistic impact by a deformation mechanism as a result of their
ductility. This ductility is thought to be related to the molecular relaxation of side chain
groups present in the chemical structure of the polymer. Side groups can affect the mobility
of the polymer network when exposed to conditions where the rate of mechanical

deformation increases reaching a threshold value [26].

o] OH oH o Z
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Figure 25. Modification of the copolymer phase by the addition of styrene.
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MATERIALS and METHODS

Materials

Most of the reactants employed in this part of the research were the same used in chapter II.
For the synthesis of the polyurethane phase (PU), two polyols were employed: 2-ethyl-2-
(hydroxymethyl)-1,3propanediol  (TRIOL) from Acros Organics, (USA)., and
poly(tetramethylene ether) glycol (PTMG) average M, ~ 650 and ~1400 g mol™' from Sigma-
Aldrich, (USA). The procedure to mix both polyols was the same used in chapter I1I. Where
the TRIOL and PTMG mixture was melted in an oven under strong vacuum to remove
moisture. The isocyanate used was hexamethylene diisocyanate 98.0% (DCH) from TCI,
(USA). Two catalysts were used for the synthesis: dibutylin dilaurate, 98% (DD) distributed
by Pfaltz & Bauer, (USA) and triphenylbismuth, 99+% (TB) from Alfa Aesar, (USA). Ethyl

acetate was used as an analogue for both catalyzers.

The copolymer was synthetized using the bisphenol A bis(2-hydroxy-3-methacryloxypropyl)
ether (BisGMA) from Esstech, (USA) and two acrylic monomers: methyl methacrylate 99%
stabilized (MMA) from Alfa Aesar, (USA) and styrene 98% stabilized from Acros Orgnanics,
(USA) while 2,2’-azobis(2-methylpropionitrile), 98% (AIBN) from Sigma-Aldrich, (USA)

was used as an initiator.
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Synthesis of graft-IPNs
The synthesis of the different styrene-based graft-IPN systems was carried out using the same
procedure described in chapter II, where both the copolymer phase and the PU phase were

prepared separately at room temperature conditions.

Several graft-IPN formulations were prepared for this study. The ratio of copolymer to
polyurethane content changed from 90 wt% copolymer and 10 wt% PU to 60 wt% copolymer
and 40 wt% PU, this was reproduced for the 650 and 1400 g mol”' PTMG. The styrene

content in the copolymer was change from 10 wt% to 90 wt%.

TECHNIQUES

Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) on a TA Instruments RSA III was carried out to assess
the thermo-mechanical properties by three-point bending. The tests were performed at
temperatures ranging from 30 to 200 °C with a heating rate of 5 °C/min. The frequency was
fixed a 1Hz and a sinusoidal strain-amplitude of 0.1 % was used for the analysis. The

dynamic storage modulus (E’) and tan & curves were plotted as a function of temperature. The

temperature at the maximum in the tan d curve was taken as the T.
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Ultra violet Spectroscopy

As outline in Chapter II, UV- Vis transmittance spectra was collected for the various ratio of
VE-based copolymer to 1400 g mol”" PTMG based polyurethane, and with various amounts

of styrene. All samples were analyzed in the 900-400 nm range.

Scanning Electron Microscopy

As outline in Chapter II, Scanning electron microscopy (SEM) was used to study the fracture
surfaces of the 650 and 1400 g mol™' PTMG based system, as well as for the study of samples

with different styrene contents.

Fracture Toughness

As it was described in Chapter II, in order to characterize the fracture toughness of the graft-
IPNs synthesized, in terms of the critical stress intensity factor, Kjc, quasi-static fracture tests
were performed. The cured graft-IPN sheets were machined into rectangular coupons of
dimensions 70 mm x 20 mm and 2.8 mm thickness in case of 650 g mol’ PTMG VE-based
graft-IPNs and 70 mm x 15 mm and 2.8 mm thickness for 1400 g mol" PTMG VE-based
graft-IPNs. An edge notch of 3 mm in length was cut into the samples, and the notch tip was

sharpened using a razor blade.

The load-deflection data was recorded up to crack initiation and during stable crack growth,

if any. The crack initiation toughness or critical stress intensity factor, Kjc, was calculated
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using the load (F) recorded at crack initiation. For each graft-IPN category, at least three sets

of experiments were performed at laboratory conditions.

Tensile Analysis

To characterize the tensile properties of styrene-based graft-IPNs in terms of the elastic
modulus, quasi-static tension tests were performed. For quasi-static tension tests, the cured
styrene-base graft-IPN sheets were machined into dumbbell shaped specimen, which was
inspired from ASTM D638 test method [70]. The size of the sheets that could be prepared
precluded a complete adherence to ASTM standards. The load versus strain data was
recorded up to 20 % strain for 650 and 1400 g mol”’ PTMG styrene-based graft-IPNs. Using
the geometry of the specimen, stress was evaluated from load measurements to obtain stress
versus strain data. For each styrene-graft-IPN category, at least three sets of experiments
were performed at laboratory conditions. The elastic modulus was evaluated from the slope

of the stress-strain curve at less than 2% strain.

RESULTS AND DISCUSSION

Thermo-mechanical characterization
In this chapter, the potential influence on the thermo-mechanical properties by modifying the
chemical structure of the copolymer with the addition of styrene was assessed, as well as the

effect of the molecular weight of poly (tetramethylene ether) glycol (PTMQG).

From the dynamic mechanical analysis, it can be seen that the molecular weight of the PTMG

for the synthesis of the graft-IPNs had a significant impact on the storage modulus depending
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on the amount of styrene present in the system. However, it seems that only the ratio of
copolymer to PU had a significant effect on the 7, of the systems. Figure 26, Figure 27 show
the thermo-mechanical properties (storage modulus, E’, and tan 8) of the styrene-modified
graft-IPNs synthesized using the 650 and 1400 g mol” PTMG as a function of temperature.
While Figure 28 shows the thermo-mechanical properties of the styrene-modified graft-IPNs
synthesized using different percentages of styrene in the copolymer as a function of

temperature. In addition, Table 9 summarizes the results for all the different systems studied.
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Figure 26. DMA results showing change in the storage modulus for styrene-modified graft-
IPNs with various ratio of copolymer to (a) 650 g mol”' PTMG based polyurethane and (b)
1400 g mol” PTMG based polyurethane. The copolymer was synthesized using 10 wt% of
styrene.

For the styrene-modified graft-IPNs under study, it was observed that the storage modulus, E’,
increased as the weight percentage of copolymer increased, showing the same behavior as the
graft-IPNs synthesized without styrene. Samples consisting of 90 wt% copolymer showed a
storage modulus of 2.93, and 2.60 GPa at 30°C for the 650 and 1400 g mol’ PTMG based
styrene graft-IPNs. Samples under 80 wt% of copolymer exhibited far inferior values for the
storage modulus. This behavior is attributed to the elastomeric contribution of the PU phase.
When comparing the influence of the different molecular weight of the PTMGs, it can be
seen that there is not an important difference in the storage modulus obtained for the two
systems. As shown in Table 9, the storage modulus values for the system using the 1400 g
mol™ PTMG are mildly inferior to those of the 650 g mol™. This small difference cannot be

attributed to the higher mobility that the 1400 g mol™ provides to the PU network, as it was
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stated for the MMA copolymer based graft-IPNs, where a substantial difference between
systems was observed [62]. Figure 27 a) and b), show the plot of tan 6 as a function of

temperature for the styrene-based graft-IPNs synthesized using the 650 and 1400 g mol™

PTMG.
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Figure 27. DMA results showing change in tan 8 for graft-IPNs with various ratio of styrene-
based copolymer to a) 650 g mol”' PTMG based polyurethane, and b) 1400 g mol”’ PTMG
based polyurethane

In Figures 27 a) and b), the maximum peak of the loss factor showed the characteristic
relaxation associated with the glass transition temperature of the different styrene-modified
graft-IPNs under study. It was observed that as the weight percentage of copolymer increased
in the samples, the maximum peak of the loss factor gained prominence and moved to higher
temperatures. This tendency was also observed for the MMA-based copolymer graft-IPNs.
However, for the styrene-modified graft-IPNs systems, it seems that the addition of styrene in
the system affects the mobility of the network, thus, reducing its glass transition temperature
[93]. This can be more easily seen in the copolymer sample, where it clearly showed a glass
transition temperature below the one showed by the 90 % copolymer sample. This

phenomenon can be observed for both the 650 and 1400 g mol”' PTMG based systems.

Samples with a copolymer composition below 80 wt% showed broad transitions with a slight
shoulder related to the glass transition of the polyurethane rubbery phase; characteristic of a
partially miscible system. On the other hand, samples with a copolymer content above 70
wt% presented a narrow peak for the loss factor, which as discussed in a previous chapter,
this narrow peak suggests an elevated degree of miscibility between the components. An
almost identical behavior was also observed for the composition using the 1400 g mol’
PTMG. These broad transitions observed for the styrene-modified graft-IPNs are related to
the many different relaxation mechanisms that are present in the synthesized network, as a

results of the nano-heterogeneity displayed by the system [53, 62]. Figure 28 shows the
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storage modulus for samples with a copolymer to PU ratio of 70:30 and increasing content of

styrene in the copolymer phase.
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Figure 28. DMA results showing change in the storage modulus for styrene-modified graft-
IPNs with various amounts of styrene with the 1400 g mol” PTMG based polyurethane.

In order to isolate and analyze the effect of adding styrene to the copolymer phase on the
thermo-mechanical properties of the system, several different formulations were prepared
with an increasing amount of styrene in the copolymer phase, while keeping the same
molecular weight of PTMG for the polyurethane phase, which for this test the 1400 g mol™
was selected. From Table 9, it can be seen that an increasing amount of styrene in the
copolymer phase had little effect on the storage modulus, E’, of the styrene-modified graft-
IPN systems. Moreover, when compared to its MMA copolymer-based graft-IPN counterpart,
it can be seen that the values for the storage modulus are really similar to each other. This is
an unexpected result, since the styrene-based graft-IPNs presented lower glass transitions

values compared to those displayed by the MMA copolymer-based graft-IPNs. Figure 29,
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shows the plot of tan & as a function of temperature for the styrene-based graft-IPNs
synthesized using the 1400 g mol” PTMG and various amount of styrene in the copolymer

phase.
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Figure 29. DMA results showing change in tan & for graft-IPNs with 1400 g mol” PTMG
based polyurethane and various amount of styrene present in the copolymer.

As it can be seen on Figure 29, an increment on the amount of styrene present on the samples
seems to not have a significant impact on the glass transition temperature of the system. The
sample containing 25 wt% of styrene seems to be the only one that deviates from the rest,
showing a slightly higher glass transition temperature. From Figure 29, one can notice how
samples with styrene in their composition showed a less broad transition when compare to
the MMA copolymer-based graft-IPN, what may suggest that the styrene-based graft-IPNs
present a higher degree of miscibility that their MMA counterparts. When comparing all the

styrene-based graft-IPNs analyzed on this section, it seems that the best combination of
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storage modulus and glass transition temperature is achieved by adding 10 wt% of styrene to

the copolymer phase and using a 650 g mol”' PTMG base polyurethane.

Table 9. Storage modulus, E’, glass transition temperature, T,, for the different styrene-based
graft-IPNs synthesized.

Sample Copolymer Styrene E' (Pa) at T,
content (wt%) content (wt%) 30°C (°O)

VE-graft-IPN 100 10 3.01x10° 112

with 650 g 90 10 293x10° 119

mol”' PTMG 80 10 226x10° 117

70 10 1.52x10° 104

60 10 132x10° 92

Graft-IPN 100 10 3.01x10° 112

with 1400 g 90 10 2.60x10° 118

mol” PTMG 80 10 2.00x10° 110

70 10 1.51x10° 94

60 10 1.05x10° 80

VE-graft-IPN 70 90 135x10° 72

with 1400 g 70 75 135x10° 74

mol” PTMG 70 50 1.13x10° 75

70 25 1.12x10° 82

Degree of transparency

The degree of transparency of the styrene-based graft-IPNs was analyzed. Figure 30 shows
the percentage of transmittance as a function of wavelength for set of samples with a
copolymer to polyurethane ratio of 70:30 and various amounts of styrene present in the

copolymer. For this set of samples the PTMG use for the synthesis of the polyurethane phase
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was the 1400 g mol™. As it can be seen from Figure 30, samples with a styrene content below

90% exhibited transmittance values between 70 and 85 percent.
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Figure 30. UV-vis spectrum of styrene-based copolymer and 1400 g mol' PTMG based
polyurethane graft-IPN, with increasing amounts of styrene in the copolymer.

Figure 31, shows the percentage of transmittance as a function of wavelength for samples
with different copolymer to polyurethane ratios and 10 wt% of styrene in the copolymer. The
1400 g mol™" was use for the synthesis of the rubbery phase. From Figure 31 one can see how
the transmittance values for samples with a copolymer content below 80% are severely
affected by the increasing amount of the rubbery phase. When compare to their MMA
copolymer based graft-IPNs counterparts this behavior was not observed. This may be the

result of some degree of phase separation present in the samples analyzed.
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Figure 31. UV-vis spectrum of styrene-based copolymer and 1400 g mol' PTMG based
polyurethane graft-IPN, with 10 wt% of styrene present in the copolymer.

These results suggest that the styrene-based graft-IPNs show a relatively high degree of
interpenetration. As in the case of their non-styrene graft-IPNs, the system with increasing
amount of styrene shows no visible evidence of a macroscopic phase separation. This results
support the high degree of miscibility observed in the plot of tan 6 as a function of

temperature.

Stiffness and fracture toughness

The stress versus strain plots obtained from the tension tests in case of 650 and 1400 g mol™
PTMG are shown in Figure 32 a) and b) respectively. These results were obtained from Dr.
Tippur’s research group in the Department of Mechanical Engineering at Auburn University,
Alabama. One can see that the modulus and the peak stress drops progressively for all

samples under analysis. However, as in the case of the MMA-based graft-IPNs synthesized
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using the 1400 g mol”' PTMG, all styrene-based graft-IPNs presented the same behavior were

no failure was observed within the window of imposed strains.
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Figure 32. Stress versus Strain plots for styrene-based copolymer samples using (a) 650 g
mol™ PTMG and (b) 1400 g mol” PTMG based polyurethane during tension test.
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Table 10 shows results obtained for the quasi-static crack initiation toughness, Kjc for the
styrene-based graft-IPNs under studied. When comparing the different systems, it can be seen
that the styrene-based graft-IPNs synthesized using the 650 g mol’ PTMG presented a
slightly higher value for the quasi-static crack initiation toughness than those with a 1400 g
mol” PTMG based polyurethane phase. Moreover, it can be seem that the highest value of
fracture toughness displayed by the styrene-based graft-IPNs corresponds to the sample with
a 70% of copolymer content. This was the same composition that showed the highest fracture
toughness for the MMA-based graft-IPNs. This serves as a confirmation that there is an

optimum copolymer to PU ratio in order to achieve the best fracture properties.

Table 10. Results obtained for the fracture toughness tests performed on different styrene-
based graft-IPNs synthesized with 10 wt% of styrene in the copolymer phase.

Sample Copolymer Ki.(MPam'"?) E(GPa) Failure
content strain
(Wt%) (%)
Graft-IPN 80 1.60£0.209  2.86+0.05  >20
with 650 75 23540.213  2.78¢0.03  >20
g/mol 70 3.30+0.202  2.06£0.02  >20
PTMG
Graft-IPN 80 1.25 £0.05 2.94+0.05  >20
with 1400 75 2.25+0.08  2.34+0.05  >20
g/mol 70 - -- -
PTMG
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Surface Morphology

In order to compare the fracture mechanics of the styrene-based graft-IPN with different
molecular weight PTMGs and different styrene content in the copolymer, SEM images were
taken. The samples compared had a copolymer to polyurethane ratio of 70:30, as in previous
experiments, the different molecular weight PTMG employed for the synthesis of the
polyurethane phase were the 650 and 1400 g mol™”, and the styrene content was changed

between 10 and 45 wt%. Figure 33 shows the fractured surfaces of styrene-based graft-IPNs.
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Figure 33. SEM photos of (a) 650 g mol”' PTMG based polyurethane and 10 wt% of styrene,
and (b) 1400 g mol” PTMG based polyurethane and 10 wt% of styrene, (c) 650 g mol
PTMG based polyurethane and 45 wt% of styrene, and (d) 1400 g mol' PTMG based
polyurethane and 45 wt% of styrene VE-based graft-IPNs.

From Figure 33 it can be seen that regardless of the molecular weight of the PTMG employed
for the synthesis of the polyurethane phase, this variable seems to not have a major impact on
the surface area generated by the propagation of the fracture. The same result was also
observed when the styrene content was increased from 10 to 45 wt% in the copolymer phase.
When compared to their non-styrene counterparts, one can see the similarities of the surface
area generated were the fracture propagated through the material. One can speculate that the
styrene-based graft-IPNs possess a similar fracture mechanism responsible for the energy

absorption as their non-styrene counterparts.
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CONCLUSIONS

In this chapter, different styrene-based graft-IPNs were synthesized. Here, the copolymer
phase was chemically modified by a adding a third monomer (styrene). This chapter focused
on studying the influence of adding this new monomer on the thermo-mechanical and
fracture toughness properties of the final material. Other variables studied include: the
influence of the copolymer to PU ratio, molecular weight of the PTMG, as well as both

network and surface morphology.

As in a previous chapter, it was found that the toughenability of the styrene-based graft-IPNs
was affected by the molecular weight of the PTMG employed, the copolymer to PU ratio
used as well as for the chemical modification of the copolymer by the addition of the styrene
monomer. The styrene-based graft-IPNs synthesized showed a similar behavior to those of
their non-styrene based graft-IPNs. These styrene-modified graft-IPNs displayed the highest
fracture toughness values when the sample had a 30% of polyurethane content and when a 10
wt% of styrene monomer was present in the copolymer’s composition. Moreover, the
addition of just 10% of styrene in the copolymer had an improvement on the fracture
toughness of 22%, when compared to the same samples without styrene. The addition of
styrene also seems to improve the miscibility of the graft-IPNs systems. However, it was
observed that the addition of the styrene monomer had the tendency to lower the glass
transition temperature of the systems. The surface morphology analysis suggests that the
styrene-based graft-IPNs follow the same fracture mechanism that is accountable for the

improvement in the fracture toughness, when compared to their non-grafted counterparts.
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FUTURE WORK

In order to further understand the stress relaxation mechanisms present in all the different
graft-IPNs systems, it is most important to analyze the stress relaxation behavior of the
copolymer phase when this networks is modified by the addition of a third monomer. The
influence of the inclusion of a third monomer into the chemical structure of the backbone of
the polymer chain as well as the effect of its concentration in the network needs to be
addressed in future analysis. The understanding of the molecular dynamics of the graft-IPNs
could shed some light on some of the improvements on the mechanical properties of the

graft-IPNs over their non-grafted counterparts.

In the case of the styrene-based graft-IPNs it is highly important to study the triblock
copolymer’s parameters that control the morphology and the mechanical properties.
Transmission electron microscope imaging is highly important to understand how the
chemical structure of the triblock copolymer affects the network morphology as well as the
surface morphology of the styrene-based graft-IPNs. It is also important to perform aging
studies on the materials, since the ability of withstanding harsh environmental conditions is a
highly important requirement for the application of these materials in both military and

civilian applications.
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