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Abstract

Flame retardant functional polymers have been widely used for fire- and heat-
resistant applications in industrial fields with more safety and excellent performance.
Driven by the urgent need of environmental protection, phosphorus-containing flame
retardants (PFRs) for polymer have been developed rapidly as alternatives of traditional
halogen flame retardants. However, the widely application of PFRs has confronted with a
challenge for their cost, migration and mechanical properties of co-polymers.
9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) group has been drawing
intense research interest. Based on the active P—H bond, chemically introducing DOPO
into various monomers has become a strategy for preparing novel PFRs. In the present
study, three novel types of DOPO-containing flame retardants (Series A: single
molecules; Series B: chain-like macromolecules; Series C: functionalizing MWCNTs)
are designed and synthesized. The resultant flame retardants are introduced into epoxy
resin or poly(lactic acid) (PLA), respectively, to improve both flame retardancy and
mechanical properties.

In chapter 1, the research backgrounds, research significance, summary of the research
and the construction of this thesis are described. The objectives of the research are to
synthesis novel DOPO-containing flame retardants for epoxy resin and PLA.

In chapter 2, the properties of experiment materials, as well as experimental methods
and characterizations are presented.

In chapter 3, three types of novel DOPO-containing flame retardants (Series A: single
molecules; Series B: chain-like macromolecules; Series C: functionalizing MWCNTs)
were synthesized based on the Pudovik reactions. Flame retardants series A were
characterized by 'H, '*C and *'P NMR spectroscopy, elemental analysis (EA) and
Fourier transform infrared (FT-IR) spectroscopy. For series B, FT-IR and X-ray
photoelectron spectroscopy (XPS) were taken to confirm their compositions. The

structures and compositions of flame retardants series C were confirmed by FT-IR,
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Raman, XPS, transmission electron microscope (TEM) and Thermogravimetric analyses
(TGA).

In chapter 4, three types of DOPO-containing flame retardants were well dispersed
into epoxy resin matrix with DDM as harder forming flame-retardant epoxy resin
composites. Flame retardancy tests indicated that Ax/Bx-modified epoxy resin
composites with phosphorus content of 0.75 wt% could reach UL 94 V-0 flammability
rating with high LOI values. Meanwhile, Cx/AlPi/(P%-Y) epoxy resin nanocomposite
with 1.00 wt% Cx and phosphorus content of 1.00 wt% can reach UL 94 V-0 rating.
Moreover, TGA results showed that all those flame retardant epoxy resin composites
produced high char yields. The mechanical properties of Cx-modified epoxy resin
nanocomposites deteriorated slightly with addition of Cx, with notched impact strengths
from 2.23 + 0.15 to 2.90 + 0.22 kJ-m™2. Despite this, Cx/AlIPi/(P%-Y) epoxy resin
nanocomposites showed satisfactory mechanical properties for applications with high
storage modulus and Tgs.

In chapter 5, three types of DOPO-containing flame retardants were well dispersed
into PLA matrix via melt blending forming flame-retardant PLA composites to improve
both flame retardancy and mechanical properties. Flame retardancy tests indicated that
Ax/Bx-modified PLA composites with filler content of 30 wt% could reach UL 94 V-0
flammability rating, with high LOI values. Meanwhile, Cx-modified PLA nanocomposite
with synergistic effect of 1 wt% Cx and AHP content of 15 wt% can reach UL 94 V-0
rating. Moreover, TGA results showed that all those flame retardant PLA composites
produced high char yields for preventing the anti-dropping. The tensile-enhanced
properties of Cx-modified PLA nanocomposites can be attributed to that Cx can form
three-dimensional network structure and promote the dispersion of AHP in PLA matrix.
The notched impact strengths of Cx-modified PLA nanocomposites were slightly
increased with introduction of Cx into flame retardant AHP/PLA systems.

In chapter 6, Core-shell nanostructured flame retardant Cx were introduced into

aluminum hypophosphite/poly(lactic acid) (AHP/PLA) flame retardant systems to
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improve their flame retardancy. In order to improve the mechanical properties and
ductility of such flame retardant PLA nanocomposites, as well as extend their industrial
applications, a cold rolling process was performed in this work. Such cold rolling process
was conducive for improving the comprehensive mechanical properties of flame
retardant PLA nanocomposites with the increasing of both tensile strength and fracture
strain. With addition of 1 wt% Cx, when the rolling ratio increased from 0% to 70%, the
tensile strength and fracture strain was increased greatly than that of AHP-modified PLA
composites. Additionally, the Cx-modified PLA nanocomposites were homogenized at a
high rolling ratio, resulting reinforced tensile properties according to the cold rolling
process.

In chapter 7, general conclusions of the study are made. These high-efficiency flame
retardant epoxy resin/PLA composites with good mechanical properties obtained in this
study will become a potential candidate for fire- and heat-resistant applications in

automotive engineering and building fields with more safety and excellent performance.
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Chapter 1 Introduction

1.1 Background

Polymers have played important roles in our daily life and demonstrated endless
possibilities for their applications. However, high flammability as one of the main
drawbacks for polymeric materials greatly restricts their further developments and
applications in many areas [1-5]. The interests in flame retardant polymers can go back to
the middle 19th century when highly flammable cellulose nitrate and celluloid were
discovered. In more recent years, a large volume of conventional flame retardant
polymers were discovered and applied in our daily life, such as phenolics, rigid PVC,
melamine resins and so on [6-8]. By the 1970s, the major flame retardant polymers were
considered to be thermosets, for instance, unsaturated polyesters or epoxy resins, which
utilized reactive halogen compounds or alumina hydrate as additive(s) [9].

Halogen-containing flame retardant polymers in 1970s were much less than that of the
other flame retardant polymers mainly Dechlorane Plus, chlorinated acyclic (for
polyolefins), tris-(dibromopropyl) phosphate, brominated aromatics, pentabromochloro
cyclohexane and hexabromocyclododecane (for polystyrene) [10]. In the next five years,
a number of new brominated additives were available on the market. At the same time, a
large number of novel Dechlorane-named flame retardants were produced, namely,
Dechlorane Plus, a coupled product of two moles of hexachlorocyclopentadiene
containing 78% chlorine, a Diels-Alder reaction product of cyclooctadiene and
hexachlorocyclopentadiene with 65% chlorine, a Diels-Alder product with furan and a
product containing both bromine and chlorine with 77% halogen (for the polystyrene and
ABS) [11-15]. In past decades, halogen-containing flame retardant polymers have been
developed to meet the considerable secure requirements [16].

However, these halogen-systems cause serious environmental problems, i.e., the

release of toxic and corrosive gases associated with the burning during combustion, such



as hydrogen halides, which are greatly potential health hazard [17-19]. In recent years,
driven by the urgent need of environmental protection, researches on halogen-free flame
retardant (HFFR) of environment friendly, so called “green flame retardant”, have
received considerable attention from both the scientific and industrial communities
[20-23].

Nowadays, the global flame retardants market is primarily driven by technological
advancements in flame retardant safety solutions and regulations. Strong regulations for
regarding fire safety of buildings & construction and automobile have resulted into strong

growth of flame retardants [24].

Global Flame Retardant Chemicals Market, 2014 — 2020
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Fig. 1-1 Global flame retardant Chemicals market [25].

Much works are still remained to be solved for complete replacement of harmful
flame retardants. But the final issue is obvious. All efforts should give positive results in

search of novel environment-friendly flame retardants.

1.2 Polymer flame retardants

Scientists have suggested three basic solutions to improve the flame retardancy of
polymers [26]:

1. The addition of some flame retardant(s) that produce radicals of low-molecular mass



and low-activity at high temperatures. For instance, halogen flame retardants contain
bromine or chlorine at high temperatures produce Br or Cl atoms with low activity, which
can terminate the propagation of the radical chain reactions of combustion.

2. Incorporating some additive(s) that can create cokes or other coating onto polymer
surface. These layers prevent the processes of heat and mass transfer. As the atmospheric
oxygen and the flame cannot be able to act with any free polymer surface, the combustion
process may thus be suppressed.

3. Introduction of chemical compounds that at high temperatures can evaporate, but

retaining a high thermal capacity.
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Fig. 1-2 Global Flame Retardants Market by Chemistry, (a) 2011, (b) 2013 [27].



According to a 2014 market study of IHS consulting (Fig. 1-2), the consumption of
flame retardants has grown substantially in the past 4 years, notably in electronics, and
will continue to grow at a global annualized rate of 3.4% between 2013 and 2018 [27].

Flame retardants are generally classified by their chemical makeup. And the most
common classes of flame retardants are halogen and non-halogen ones, exactly as:
brominated, chlorinated, metal hydroxide, phosphorus, nitrogen, inorganic and other

types (Fig. 1-3) [28-30].

4‘ Bromine Compound ‘

‘ Chlorine Compound ‘

— Non-Halogen compound ‘7—‘ Metal Hydroxide ‘

—l Phosphate Compound |

Fig. 1-3 Types of Flame retardants.

Halogen Compound

Flame retardant

1.2.1 Halogen-containing flame retardants

Halogen-containing flame retardants for reducing combustibility of polymer materials
can be classified into three types: derivatives of compounds with aliphatic, cycloaliphatic
and aromatic structures [31-35]. And in each type of structure, the nature of the halogen
atoms is varied. The effectiveness of flame retardation-reactions using
halogen-containing compounds with similar structures (differing only in the nature of the
halogen) increases in the sequence [36]:

F<CI<Br<I

As a function of their structure, the halogen compounds either undergo pyrolysis inside

the condensed phase or evaporate and are destroyed in the gaseous phase [37-41].
(1) Commodity halogen-containing flame retardants
The chemical structures of three commodity halogen-containing flame retardants are

shown in Fig.1-4. Decabromodiphenyl oxide (DECA) contains about 83% bromine and



melts or decomposes in the 300-310 °C range making it stable for higher temperature
processing conditions. DECA is widely used for flame retardant polyolefin, polystyrene
and acrylonitrile-butadiene-styrene (ABS) as well as other resin formulations including

polyamides, polyesters, polyvinyl chloride (PVC), epoxy and thermoplastic elastomers.

DECA [42].
DECA TBBA HBCD B
r
Br Br Br Br Br Br Br Br
Gy
Br O Br HO q OH Br
CH;
Br Br Br Br Br Br Br
Br

Fig. 1-4 Chemical structures of commodity halogen flame retardants.

Tetrabromobisphenol A (TBBA) contains about 59% bromine and melts in the
178-182 °C range. It is also a brominated aromatic compound used to flame retard ABS,
polycarbonate (PC), PC/ABS, HIPS, unsaturated polyesters, epoxy resins and
polyurethanes [43].

Hexabromocyclododecane (HBCD), contains about 75% bromine and melts in the
185-195 °C range, which is a brominated compound with no benzene rings. HBCD is
used in expandable polystyrene and polystyrene foam applications as well as in adhesives,
coatings and textiles [44].

(2) Specialty halogen-containing flame retardants

As shown in Fig.1-5, specialty halogen-containing flame retardants are less frequently
used and often priced higher than the commodity products, which are also typically used
in specific resin systems and sometimes for specific applications.

Ethylene-bis(tetrabromophthalimide), a 67% brominated aromatic compound, is used
for flame retardant polyester resins such as polybutylene terephthalate (PBT), HIPS, ABS
and polyethylene (PE) for certain wire and cable applications [45]. TBBP A-bis-(2,
3-dibromopropyl ether) is a 68% brominated aromatic compound used for polyolefin

resins especially to meet UL94 V-2 applications. it is more suited to lower temperature
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resins such as polypropylene for its melting range for this compound is 90-105 °C [46].
The phenoxy terminated carbonate oligomer of TBBA is a 59% brominated aromatic
compound used to flame retard PBT and PC resins, whose largest use is in electronic
connectors [47]. Brominated polystyrene contains 67% bromine. It is typically used to
flame retard polyamide 6 and 6/6 resins along with some usage in PBT applications. The

major application is again electrical and electronic connectors [48].

Br P O\ Br Br Br
Br ¢ C Br CHj
NCH,CH,N H,CHCH,CO C OCH,CHCH,
Br G C Br  Br Br CH, Br Br
Br O (0) Br Br Br
Ethylene-bis(tetrabromophthalimide) TBBA-bis-(2,3-dibromopropyl ether)
Br Br Br CHCH,
Q s Q
Br O+C-0 (;OO—C O Br {
CH,
Br Br . Br Bryg - n
phenoxy terminated carbonate oligomer of TBBA Brominated polystyrene

Fig. 1-5 Chemical structures of specialty halogen flame retardants.

(3) Environmental issues

The environmental and human health concerns regarding usage and disposal of flame
retardant products are at present mostly focused on the halogen-containing ones. There is
legislation in both Europe and USA banning the use of some specific brominated flame
retardants. Voluntary withdrawal of some halogen-containing flame retardant products
has already occurred in the European market [49-52]. The European Commission of its
White Paper, ‘Strategy for a Future Chemicals Policy’ has been adopted since February
2001 [53]. This White Paper creates no legal obligations but does present a strategy for

future European Community policy for all chemicals including flame retardants [54].
1.2.2 Metal hydrate flame retardants

Metal hydrate flame retardant (MHFR) products comprise the largest volume flame

retardants in the global flame retardant market today [55]. MHFRs include aluminium
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trihydroxide (ATH), magnesium hydroxide, and a few other less frequently used products
like brucite, mixtures of hydromagnesite and huntite, magnesium aluminium
hydroxycarbonates, and certain other mixed metal hydroxides [56]. This type of flame
retardants presents almost no risk to environmental and human health, which can
therefore be labelled an environmentally friendly FR product type.
(1) Commodity metal hydrate flame retardants

Metal hydrate compounds are widely used as flame retardants for modem polymer
materials [57]. ATH, the largest volume metal hydrate flame retardant, is widely used for
flame retardant PVC, ethylene-propylene rubber (EPR), ethylene-propylene-diene
terpolymer rubber (EPDM), ethylene-vinyl acetate copolymer (EVA), polyethylenes,
unsaturated polyesters, acrylics, epoxies and phenolics with loading range from 5 to 70%
or more depending on the resin and application. Their applications include conduit, pipe,
wire and cable, bathroom ware, wall panels, laminated countertops, electronic
components like circuit boards, electrical potting compounds, and profiles [58].

Magnesium hydroxide, Mg(OH)2, is another metal hydrate flame retardant. Mg(OH):
is used in polyolefins, thermoplastic olefinic elastomers (TPO), EVA, some polyamides,
and epoxies [59]. Its applications include wire and cable, various building products such
as construction laminates, roofing membranes and plastic lumber [60-61].

(2) Specialty metal hydrate products

_ A
—O]AI:"’ %I‘ °}‘0
Hy ) :

Hs

Fig. 1-6 Chemical structures of AlIPi.

H,
H;,C—C -

O—O0—1T—0

In 2012, Liu et al. [62] compared the flame retardancy and mechanical properties of
aluminum diethylphosphinate (Al(DEP) or AIPi) and aluminum methylethylphosphinate

(AI(MEP))-filled epoxy composites, and found that both Al(DEP)- and



AI(MEP)-modified epoxy resins reached UL 94 V-0 flammability rating at the content of

15 wt.%.

Fig. 1-7 Chemical structures of AHP.

Aluminum hypophosphite (AHP), as an effective inorganic phosphorus-containing
flame retardant, has been widely used in many engineering plastics, i.e., polyethylene
terephthalate (PET), Polybutylene terephthalate (PBT) and Polyamide (PA) [63]. Tang, G.
et al. [64] has reported that flame-retardant PLA with 20 wt% AHP can reach V-0 rating
under the UL 94 test. Zhou X. et al. [65] has introduced AHP into a conventional
PLA/IFR system (IFR was a combination of APP and PER in a weight ratio 3:1), which

showed a synergistic effect for the well flame retardancy.
1.2.3 Nitrogen- and boron-containing flame retardants

(1) Nitrogen-containing flame retardants

Nitrogen-containing compounds are a small but rapidly growing as environmentally
friendly flame retardants. Their efficiency lies between that of halogen compounds and
that of aluminum trihydrate and magnesium hydroxide. Moreover, their low toxicity,
solid state, the absence of dioxin and halogen acids as combustion products as well as
their low evolution of smoke in case of fire. The main applications of nitrogen-containing
flame retardants are melamine for polyurethane flexible foams, melamine cyanurate in
nylons, melamine phosphates in polyolefins, melamine and melamine phosphates or
dicyandiamide in intumescent paints, guanidine phosphates for textiles and guanidine
sulfamate for wallpapers [66-68].
(2) Boron-containing flame retardants

Boron-containing flame retardants have a synergistic effect with halogenated
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compounds, which are particularly attractive because they are lower in cost than
antimony oxide. Zinc borate has been used as a partial replacement for antimony oxide in
a number of applications, such as unsaturated polyester, polypropylene, and flexible PVC.
Boron compounds are also useful in reducing or eliminating after-glow in
halogen-containing compositions. Boron compounds act in the condensed phase by
redirecting the decomposition process in favor of carbon formation rather than CO or COx.
The second mechanism may involve formation of a surface layer as protective char,

which prevents the oxidation of carbon by limiting the accessible oxygen [69-70].
1.2.4 Phosphorus-containing flame retardants

As ecofriendly flame retardants, phosphorus-containing compounds have been
developed greatly by advantage of that: effective at low concentration-organic types; easy
incorporation and processing; relatively little detrimental effect on physical properties
and so on [71-72]. Phosphorus-containing flame retardants including ammonium
polyphosphate (APP), red phosphorus, organic phosphates and phosphonates,
choroaliphatic and bromoaromatic phosphates, and a newer product type, organic metal
phosphinates, comprise the third major flame retardant group of products (Fig. 1-2) [27].
These flame retardants are typically described as char formers with regard to their flame
retardant mechanism.

(1) Commodity phosphorus-containing flame retardants
{ }o('lﬂ[o{ y(ﬁ}l{ ) {C}l
| | O-P=0
0 =1-7 \ / 3

(@)

Do g{o{ﬁ@o to-)

. s}

BDP

Fig. 1-8 Chemical structures of commodity phosphorus containing flame retardants.



Commodity phosphorus-containing flame retardants include the phosphate esters, APP,
and chloroalkyl phosphates. And phosphate esters include RDP, BDP, triphenyl
phosphate (TPP), triaryl phosphates, alkyl diaryl phosphates and trialkyl phosphates (Fig.
1-8) [73], whose major use is in PVC as non-flammable plasticisers. RDP and BDP are
widely used in ABS/PC and PPO applications. The most important inorganic
nitrogen-phosphorus compound used as a flame retardant is ammonium polyphosphate
which is applied in intumescent coatings and in rigid polyurethane foams.

(2) DOPO-containing phosphorus flame retardants

Scheme 1-1. Synthetic routes for some derivatives from DOPO-HQ [75].

Synthesis of organophosphorus compounds based on 9,10-dihydro-9-oxa-10-phospha-
phenanthrene-10-oxide(DOPO) and their application as flame retardant have attracted
increasing attention in the flame retardant community [74]. Such DOPO-containing
flame retardants are a product of P—H bond substitution with P—C bond (Scheme 1-2
and 1-3). These P—C bond derivatives (DOPO-containing flame retardants) can be

prepared by two main approaches, namely nucleophilic addition/substitution and via
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molecular rearrangement.

+o<_ )0 ———— 9RO
O- P 0 reflux, 4 h HO@OH

DOPO DOPO-HQ
1 2

Scheme 1-2. Synthesis of DOPO-HQ (2).

In the past few decades, synthesis of various organophosphorus compounds (Scheme
1-1 and 1-3) for different applications (mainly as flame retardants) has usually started

from DOPO and DOP-HQ (Scheme 1-2).

Scheme 1-3. Synthetic routes for some derivatives from DOPO [75].

These DOPO-containing flame retardants are mainly in epoxy resins, for applications
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in adhesives, composites, printed wiring boards and others, which are considered as
suitable alternative to halogenated flame retardants because of their versatile flame
extinguishing behavior in gas phase and condensed phase [75]. New market demand of
improved thermal stability, better processability (better flow and recyclability), and
miniaturized parts (better mechanical properties) will continue to push the envelope of
fire retardant technology. Novel halogen-free technologies such as DOPO are steadily
gaining more market share [76].

(3) Environmental Issues

Like specific halogen-containing flame retardants, there are human health and
environmental safety questions about certain phosphorus containing flame retardant
products. The Phosphate Ester Flame Retardants Consortium (PEFRC) was formed in
February 2002 to support phosphate ester flame retardants through advocacy, scientific
programs, and education.

A report issued in 2002 includes results from a study carried out for the Swiss Federal
Office of Public Health to evaluate indoor air exposures of ten phosphorus based flame
retardants. These ten test compounds were selected based on prior indications of
emissions to indoor air or of risk to people exposed to those substances. Samples were
taken from furniture and electronic appliance showrooms, open-plan offices, car interiors,
and in a theatre auditorium. Essentially, this particular study showed risks to be very low

and concluded that large-scale measuring campaigns were not required at this time [77].

1.3 Flame retardant mechanisms and guidelines for

design flame retardants

1.3.1 Flame retardant mechanisms

(1) General flame retardant mechanisms
Although the chemical structure of flame retardants may differ from each other,

certain general mechanisms are applicable to various types of flame retardants. The
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separation of flame retardants normally distinguishes gas-phase-active and
condensed-phase-active ones. Some gas-phase-active flame retardants show the chemical
mechanism of action in the gas phase, which act primarily through scavenging free
radicals responsible for the branching of radical chain reactions in the flame. Other flame
retardants show physical mechanism of action in the gas phase, which generate large
amounts of noncombustible gases, dilute flammable gases, sometimes dissociate

endothermically, and decrease the temperature by absorbing heat. [78].
Solid Phase Gas Phase

@Conduction of Heat (3)Radiation

(BPyrolysis

L.

(®Diffusion

®)Diffusion

Fig. 1-9 Combustion-Model of polymer [78].

Condensed-phase mechanisms (condensed-phase-active flame retardants) are
usually more numerous than gas-phase mechanisms (gas-phase-active flame retardants).
The most common condensed-phase mechanisms of action is charring. At the same time,
charring could also be promoted either by chemical interaction of the flame retardant or
by physical retention of the polymer in the condensed phase. In generally, catalysis or
oxidative dehydrogenation could promote the charring process.

However, some flame retardants, such as aluminum hydroxide and magnesium
hydroxide, show almost exclusively a physical mode of action. On the other hand, no
single flame retardant will operate exclusively only a chemical mode of action without
physical ones, in other words, chemical mechanisms are always accompanied by one or

several physical mechanisms [79-80].
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Fig. 1-10 Flame retardant model of polymer [78].

(2) Phosphorus-containing flame retardant mechanisms

Phosphorus-containing flame retardants are significantly more effective in oxygen- or
nitrogen-containing polymers. The condensed phase mechanism and vapor phase
mechanism are mainly suggested to explain the phosphorylation [80-82]. A lot of studies
based on these two mechanisms have been carried out to predict the composite properties
of flame retardancy and develop efficient phosphorus-containing fire-retardant
composites. The presence of phosphorus promotes forming a carbonaceous char or a
barrier layer of polyphosphoric acid on burning of the polymer in the condensed phase.
Moreover, phosphorus flame retardants can act as potent scavengers of He or OHe
radicals when volatilize into the gas phase. Volatile phosphorus-containing compounds
are one of the most effective inhibitors during combustion. The mechanisms of radical
scavenging from phosphorus-containing flame retardants were suggested by Hastie and
Bonnell [83]. The most abundant phosphorus-containing radicals during combustion are
HPOze, POe, PO2¢ and HPOe, in the order of significance that HPO2e < PO+ < POze <
HPO-. Some examples of phosphorus-containing radical that scavenge with participation
of HPOz¢ and POe radicals are shown in the following reactions from (1-1) to (1-5) [83].

HPO2¢ + H* — PO + H20 (1-1)
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HPOz2e + H—PO2 + H2
HPOz2¢ + OH*—PO2 + H20
PO+ + He + M—HPO + M

PO+ + OHs + M—HPO2 + M

(1-2)
(1-3)
(1-4)
(1-5)

In the right conditions, phosphorus-containing flame retardants can volatilize and be

oxidized, producing active radicals during combustion (radical-mechanism). On the other

hand, phosphorus-containing flame retardants can take reaction with the polymer and

oxidize to phosphoric acid in the condensed phase (condensed-phase mechanism).

Nowadays, it is still a challenge for phosphorus-containing flame retardants that will

volatilize into the flame (gas-phase mechanism and radical-mechanism) at relatively low

temperatures while will keep the stability during polymer processing.

1.3.2 Guidelines for design novel flame retardants

Tab. 1-1 Guidelines for designing novel polymer flame retardants [84].

Properties

Comment

e.g.)

High efficiency
flame retardant

Low addition and good flame
retardancy

(1) Atomization and dispersion technology

(2) High synergistic effect
(3) Char promoting compound

Environment Halogen-free, Low hazard, (1) High flame retardant compound

friendly Low heavy metals, (2) Silicone and higher fatty acid metal
Non-phosphorus materials (3) Low toxic-gas and smoke

Recyclability Repeatedly, Excellent thermal | (1) Can be used repeatedly

stability

(2) Recycling by pyrolysis, gasification and
liquidation

(3) Solvent extraction separation method

(4) Biodegradable flame retardants

Function materials

Other functions with high
performance

(1) Conductivity, vibration damping,

antibacterial, light functionality and non-ion

release flame retardant materials

Moldability

Excellent mold-ability, plume,
discoloration, low
pressure-sensitive

(1) Low-addition flame retardants
(2) Reactive flame retardants
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Nowadays, the strategies for development of novel flame retardants are mainly focus
on two ways, i.e., synergistic effect of silicone, a hydrated metal compound and boric acid,
as well as flame retardant nanocomposite. Especially, flame retardant nanocomposite has
attracted the increasing attention for their excellent performance.

Tab. 1-1 shows the guidelines for design novel flame retardants [84]. From this table,
flame retardant nanocomposite will be rapidly growing group of flame retardants, which
may widely relative to the required properties of novel high-performance flame

retardants.

1.4 Nanotechnology and flame retardancy

1.4.1 Polymer nanocomposite technology

Nanoparticle
1:'nm 10 nm 10¢ nm 1 pm 10 pm 100 pm
X- UVra Vis-light IR jative-
RS y igh Radiative-ray
Quantum cffect Brownian motioh Adhesion Gravity
-k >4 -

Molecule of sucrose Japanese encephalitis virus  Beer yeast Red blood cells

—- — .

Tobacco smbke Coliform Pollen
Carben black Toner
> -

Metal atomic

‘litanium oxide
e >

Fig. 1-11 Nanoparticle and spectrum [84].

The subject of polymer nanocomposites has spawned a huge amount of research and
attracted considerable interest since the early 1990s. Polymer nanocomposites consist of
a polymer or copolymer, which have nanoparticles or nano-fillers (1~100 nm, as shown in

Fig. 1-11) dispersed in the polymer matrix. Such polymer nanocomposites have shown
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great performance improvements over traditional polymer composites in mechanical,
thermal, gas barrier, conductivity, flammability, electromagnetic shielding, and other
properties [85]. The advancement of new technology have enabled a number of
commercial applications, including highly efficient catalysts, micro-electronics, medical
devices, and advanced plastics. For advanced function plastics, the major area of
development is focus on the dispersion of fillers (less than 100 nm). In some condition,
nano-sized inorganic frameworks have been introduce into some polymer
nanocomposites to achieve confinement of polymers, following with unique properties
[86]. These nano-sized inorganic frameworks show different morphologies, such as
one-dimension (1-D) fiber, needle-like structures, two-dimension (2-D) sheet, platy-like
structures, 3-dimension (3-D) frame work structures and other morphologies.

Polymer nanocomposites, in the sense of hybrid materials, show a number of novel
properties beyond the field of unfilled polymers or conventional polymer composites,

enabling new advance uses and applications of function polymer materials [87].
1.4.2 Development of flame retardant nanocomposite

Nanotechnology is perhaps the newest technology in the FR industry and the chemical
industry. In 2007, a book titled ‘Flame retardant polymer nanocomposites has been
published by John Wiley & Sons [88]. Clearly this technology has unlimited potential and
may lead to next generation technology and products in a variety of industries. This book
focus on the improvements in materials flammability. In the FR universe, nanotechnology
refers to polymer layered-silicates or clay nanocomposites. Polymer layered-silicate
nanocomposites are best described as a hybrid of organic polymer and inorganic silicate
materials in alternating nanometre-thick layers. Clays currently used for these layered
silicate nanocomposites include montmorillonite, hectorite, saponite and bentonite.

Research on flame retardant nanocomposite technology gained momentum a few years
ago and many FR and plastics additives industry conferences now contain technical

papers on this subject. A few of these contributions will be reviewed here (Tab. 1-2).
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Tab. 1-2 Some publications of flame retardant nanocomposites.

Year Reference Materials Challenge

2004 Kashiwagi Takashi, et | polyamide 6—clay | Sufficient amounts  of
al.  Polymer  45.3 | nanocomposites protective floccules to cover
(2004): 881-891. the entire sample surface.

2011 Yang, Feng, et al. | Polystyrene based | Mechanical properties
Polymer Degradation | nanocomposites (PNCs)
and  Stability  96.3 | with/without flame
(2011): 270-276. retardant additives.

2014 Gao, Yanshan, et al. | Flame retardant | The use of LDH dispersions
Journal of Materials | polymer—layered double | in polymer-based materials
Chemistry A  2.29 | hydroxide (LDH)
(2014): 10996-11016. | nanocomposites

2016 Xing, Weiyi, et al. ACS | Functionalized  Carbon | UL 94 flame rating
Applied Materials & | Nanotubes/polystyrene
Interfaces (2016). (PS) nanocomposites

Kashiwagi Takashi, et al. [89] has prepared polyamide 6/clay (2 and 5% by mass
fraction) nanocomposites and measured their thermal and flammability properties to
determine their high flame retardant performance. Therefore, both PA6/clay
nanocomposite samples did not produce sufficient amounts of protective floccules to
cover the entire sample surface and vigorous bubbling was observed over the sample
surface which was not covered by the protective floccules.

Other current flame retardant nanocomposites focus on polystyrene based
nanocomposites (PNCs) with both silica and attapulgite, which show a remarkable
reduction in heat release rates. However, there are no enough discussion on the
mechanical properties of those PNCs with flame retardant additives [90].

Another type of flame retardant polymer/layered double hydroxide nanocomposites

have focused on polymer—layered double hydroxide (LDH) nanocomposites [91]. The
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flame retardant mechanism of LDHs, the types of polymers studied, the effect of LDH
chemical composition and the synergistic effect with other fire retardants have been
reviewed, which also prompt new discussions on the use of LDH dispersions in
polymer-based materials.

In the last couple of years functionalized carbon nanotubes and graphene have
introduced flame retardant nanocomposites. Xing, Weiyi, et al. [92] have prepare the
flame retardant functionalized MWCNT (DPPA-MWCNT) base on the reaction between
aminated multiwalled carbon nanotubes (AMWCNT) with diphenylphosphinic chloride
(DPP-CI1). As stated, resultant flame retardant polystyrene (PS) nanocomposites have
shown good dispersion and interfacial interactions between DPPA-MWCNT and PS
matrix, which significantly reduced peak heat release rate, smoke production rate, and
carbon monoxide and carbon dioxide release. As most cases, the addition of small
quantities of functionalized MWCNTs, usually less than 1 wt%, can dramatically
improve the thermal and mechanical properties of polymers, but still fails to pass the

traditional flame retardancy such as UL 94 tests.

1.5 Purpose of this research

In recent years, driven by the urgent need of environmental protection, researches on
environment friendly halogen-free phosphorus-containing flame retardant (PFR), have
received considerable attention. However, the widely application of PFRs has confronted
with a challenge for their cost, migration and mechanical properties of co-polymers. So
the present study aimed on developing novel high-efficiency PFRs with high
performance in polymers. These high-efficiency flame retardant epoxy resin/PLA
composites with good mechanical properties obtained in this study will become a
potential candidate for fire- and heat-resistant applications in automotive engineering and
building fields with more safety and excellent performance.

The overall structure of the present study is presented in Fig. 1-12.
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Syntheses of flame retardants
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Fig. 1-12 The overall structure of the present study.
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Chapter 2 Materials, Experiment and

Characterizations

2.1 Materials

2.1.1 9, 10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO)

Fig. 2-1 SEM (left) and photo (right) of DOPO.

DOPO was purchased from Eutec trading (Shanghai) Co., Ltd., China. It was purified
by recrystallization from absolute ethanol. And its structure and statement are shown in

Fig. 2-1.

¢ 79
R=0 P—OH
H &

Scheme 2-1. The tautomeric equilibrium of DOPO.

DOPO is an H-Phosphonate compound that can tautomerize to its P—OH form in a
solution (Scheme 2-1). Owing to tautomeric equilibrium between the species 1a and 1b,
the phosphorus atom in DOPO can be reactive toward nucleophiles and electrophiles [1].
H-Phosphonates compared to phosphines are stable toward oxygen owing to the presence
of the phosphoryl group (P=0). Accordingly, the form 1a in a solution is considered to
be the dominant species and it is predicted that la species determines the overall

reactivity. This equilibrium is also affected by the electronic properties of the substituents
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around the phosphorus atom, which may shift the equilibrium to the right [2]. Due this
property, DOPO-derivatives and its analogs can be prepared via different synthetic
approaches. Fig. 3 shows the FTIR spectrum of DOPO. The P—H stretching vibration
can be clearly observed at 2437 cm™'. And the other absorption peaks corresponding to the

structure of DOPO are list as follows.
FTIR (KBr) : 925 cm’!, 1234 cm! (P—O—Ph); 1033 cm™! (Ph—O—C); 1206 cm’!

(P=0); 1514 cm™, 3367 cm™' (N—H); 1594 cm™! (P—Ph); 3510 cm™' (O—H) [3].

/'p:o.%“-""""'lflflli-I i

B i

<
=}

4000 3500 3000 2500 2000 1500 000 500
Wavenumber (cm)

Transmittance(a.u.)

Fig. 2-2 FT-IR spectrum of DOPO.
2.1.2 DDM, DDE and DDS

4,4'-Methylenedianiline (DDM), 4,4'-oxydianiline (DDE),
4,4'-diaminodiphenylsulfone (DDS) are usually used as hardeners in epoxy resins and
adhesives, as well as in the production of high-performance polymers. Curing agents play
an important role in the curing process of epoxy resin because they relate to the curing
kinetics, reaction rate, gel time, degree of cure, viscosity, curing cycle, and the final

properties of the cured products.
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Tab.2-1 Chemical structure of DDM, DDE and DDS.

Compounds Chemical structure

DDE HW@-O—@—NHZ

i O-§

In this work, 4,4-methylenedianiline (DDM), 4,4'-oxydianiline (DDE),

4,4'-diaminodiphenylsulfone (DDS) from Tokyo Chemical Industry Co., Ltd., were used

as received.
2.1.3 Multi-walled carbon nanotubes (MWCNTSs)

MWCNTs were obtained from Showa Denko Company, Tokyo, Japan, and they are
special carbon nanotubes for resin composites. MWCNTSs, the Vapor Grown Carbon
Fiber (VGCF®-X), are synthesizes by catalytic chemical vapor deposition method. The
average diameter of MWCNTs is approximately 10-12 nm. The parameters of MWCNTs
are shown in Table 2-2, and the structure is shown in Fig. 2-3. MWCNTs can give
electrical conductivity to insulating resin and rubber when quite a small amount, less than
3 wt% of MWCNTs is added to them. MWCNTs are used for electrical-conductive,
electrostatic-dissipative, or antistatic polymer composites as raw material of molded
packages and parts, which should be electrically conductive, in electric, electronic and
automotive application fields [4].

Tab. 2-2 Parameters of MWCNTs.

parameters Unit Value

Average diameter nm 10-12
Average length um 3

Bulk density g/em? 0.08
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Fig. 2-3 SEM (left) images and Chemical structure (right) of MWCNTs.

Because of unique structure, mechanical and electrical properties of MWCNTs, they
have attracted more and more interest for wide applications, such as in the field of
electrical conductivity, mechanical strength and thermal conductivity as shown in Fig.

2-4[5].
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Fig. 2-4 Key properties and potential applications of MWCNTs.

2.1.4 Bisphenol-A diglycidyl ether ES1 (DGEBA)

Diglycidyl ether of bisphenol-A (DGEBA) is commonly used epoxy resin, which is
characterized by two epoxy groups. Chemical structure of DGEBA is given in Figure 2-5.
The chemical nature and the amount used of curing agents or hardeners plays an
important role in determining thermomechanical properties of the epoxy resin

composites.
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Fig. 2-5 Chemical structure of DGEBA.

2.1.5 Poly(lactic acid) (PLA)
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Fig. 2-6 Synthesis methods for obtaining PLA.

Poly(lactic acid) or polylactide (PLA) is aliphatic biodegradable polyester made up of
lactic acid (2-hydroxy propionic acid). PLA is a thermoplastic aliphatic polyester derived
from renewable resources, such as corn starch (in the United States), tapioca roots, chips
or starch (mostly in Asia), or sugarcane (in the rest of the world). Owing to PLA can
biodegrade under certain conditions, such as the presence of oxygen, it has been
considered as one of the solutions to alleviate white waste disposal problems and to lessen
the dependence on petroleum-based plastics for packaging materials.

PLA can be produced using several techniques, including azeotropic dehydrative
condensation, direct condensation polymerization and polymerization through lactic acid
formation which is pressed in Fig. 2-6.

Poly(lactic acid) (Ingeo 3001D) in pellet form was supplied by NatureWorks LLC, the
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biopolymer, is designed for injection molding applications. It is designed for clear
applications with heat deflection temperatures lower than 120 °F (49 °C). The properties

of PLA are given in Tab. 2-3.

Tab. 2-3 Properties of PLA.

Properties Unit Value
Specific gravity g/em’ 1.24
MFR 2/10 min (210 °C, 2.16 kg) 22
Tensile yield strength MPa 62
Tensile elongation % 3.5
Notched izod impact J/m 16
Flexural strength MPa 108
Flexural modulus MPa 3600
Heat distortion temperature °C 55

2.2 Experiment methods

2.2.1 Pudovik reaction

The Pudovik reaction is the related conversions of trialkyl and dialkyl phosphites
(respectively) to a-hydroxy phosphonates in the presence of carbonyl compounds.

The Pudovik reaction employs dialkyl phosphites under basic conditions, which add to
carbonyl compounds upon deprotonation to yield a-hydroxy phosphonates (Scheme 2-2).
Group transfer is not necessary in this case, as neutralization of the tetrahedral
intermediate occurs via proton transfer. A catalytic, enantioselective variant of the
Pudovik reaction has recently been developed.

ﬁm j Dase o %?\/?\HR.

RO”1_H
R R

Scheme 2-2 The Pudovik reaction.



Phosphites add reversibly to the carbonyl carbon of simple carbonyl compounds.
Under mild conditions, reversion to the starting materials is faster than both inter- and
intramolecular alkyl group transfer—the four-center transition state for intramolecular
transfer exhibits poor orbital overlap [6]. Transfer can be facilitated under conditions of
high temperature or pressure. If two equivalents of aldehyde are used, addition of the
tetrahedral intermediate to a second molecule of aldehyde leads either to cyclic
phosphoranes 1 or linear alkyl transfer products 2. More practical is the use of silylated
phosphorus sources, which undergo intramolecular silyl group transfer in a frontside

fashion, providing a-siloxy phosphorus compounds 3.
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Fig. 2-7 Prevailing Mechanism for Pudovik reaction.

2.2.2 Functionalizing MWCNTs

R,
4 P A
A

MWCNTs MWCNTs-COOH MWCNTs-COCI

Fig. 2-8 Schematic illustration for the synthesis of MWNT-CL.
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This study aims to graft DOPO-containing flame retardant onto multiwalled carbon
nanotubes (MWNTs) and prepare according nanocomposites. It is anticipated that the
covalent attachment of DOPO-containing flame retardant onto MWNTs can improve
both solubility and flame retardancy of MWNTs, thus promote the development of a new
kind of flame retardant polymer/MWNTs nanocomposites.

The obtained MWNTs was purified and shortened with a mixture of nitric acid and
sulfuric acid (1 : 3 by volume) in ultrasonic bath at 50 °C for 4 h. The excess acid was
washed thoroughly with deionized water until the pH value of water was about 7. The
acid-treated MWNTs (MWNTs-COOH) were dried at 80 °C in a vacuum oven overnight
and then grinded into powder with a carnelian mortar. The mixture of MWNTs-COOH,
thionyl chloride (SOCL2) and N,N-dimethylformamide (DMF) (a typical ratio of
a-MWNTs:SOCI2:DMF is 100 mg : 20 ml : 1 ml) was dispersed in ultrasonic bath for
about 2 h and refluxed at 80 °C for 24 h. Then unreacted SOCIl> was removed by
distillation and the remained black solid (MWNTs-COCI) was dried at room temperature
under vacuum [7]. The synthesis routes of the MWNTs-COCI samples are shown in

Figure 2-8.

2.2.3 Curing of epoxy resin

Epoxy ring

Hardener moleeules  have
two recactive cnds, so they

can cach react with two
epoxy molecules

Three-dimensional network
AN AN

Fig. 2-9 Curing reaction of epoxy resin.

The curing process of epoxy resin is a chemical reaction in which the epoxide groups in
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epoxy resin reacts with a curing agent (hardener) to form a highly crosslinked,
three-dimensional network. In order to convert epoxy resins into a hard, infusible, and
rigid material, it is necessary to cure the resin with hardener. Epoxy resins cure quickly
and easily at practically any temperature from 5-150 oC depending on the choice of
curing agent (Fig. 2-9).

Mixing epoxy resin and hardener begins a chemical reaction that transforms the
combined liquid ingredients to a solid. The time it takes for this transformation is the cure
time. As it cures, the epoxy passes from the liquid state, through a gel state, before it

reaches a solid state (Figure 2-10) [8].

Gel

0000000000 0RO 000 0
Initial Cure

- Liquid
Open Time

=

Epoxy Temperature

Cure time after mixing
Fig. 2-10 Curing process of epoxy resin [8].

Liquid-Open time

Open time (also working time or wet lay-up time) is the portion of the cure time, after
mixing, that the resin/hardener mixture remains a liquid and is workable and suitable for
application. All assembly and clamping should take place during the open time to assure a
dependable bond

Gel-Initial cure

The mixture passes into an initial cure phase (also called the green stage) when it
begins to gel or "kick-off." The epoxy is no longer workable and will progress from a

tacky, gel consistency to the firmness of hard rubber, which you will be dent with your
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thumbnail.

Because the mixture is only partially cured, a new application of epoxy will still
chemically link with it, so the surface may still be bonded to or recoated without special
preparation. However, this ability diminishes as the mixture approaches final cure.

Solid-Final cure

The epoxy mixture has cured to a solid state and can be dry sanded and shaped. You
should not be able to dent it with your thumbnail. At this point the epoxy has reached
about 90% of its ultimate strength, so clamps can be removed. It will continue to cure
over the next several days at room temperature.

As it cures, mixed epoxy pass from a liquid state, through a gel state, to a solid state

(Fig. 2-10).
2.2.4 General methods for testing of polymer materials flammability

(1) UL 94 vertical burning test

S N

20 £ 1T mm

+—Sample burn bar

j,_ll E-‘Iﬂilmm

f !

Burner —»

P

300 £ 10 mm

Cotton

\ Max 6 mm ]
e C:Tf& )
50 mm I

Fig. 2-11 Basic UL 94 vertical test apparatus [9].

The UL 94 test is perhaps the most frequently used small flame burner test. It provides

an assessment of flammability for a variety of thermoplastic materials intended for use in
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multiple applications in many market segments. The UL 94 standard actually contains
several test methods. The most common method used is the vertical burn method where a
test specimen (a bar of 13 mm by 125 mm by varying thickness) is ignited while
suspended 10 mm above a calibrated methane (Bunsen) burner.

The flame is applied to a total of five test specimens twice for 10 seconds. The amount
of burn time is recorded after each flame application for each test bar. Performance is
described through one of three ratings, V0, V1 or V2 dependent on the number of seconds
of after-flame burn time for each specimen, the total after-flame burn time for all
specimens, the afterglow time, and the existence of flaming particles which may ignite a
piece of cotton placed beneath the test specimens [9]. Figure 2-11 illustrates the basic UL

94 vertical test apparatus.

Tab. 2-5 UL 94 flammability rating [9].

Flammability rating UL 94

Criteria Conditions V-0 V-1 V-2

After flame time for each specimen t1 or t2 <10 <30 <30

Total after fl ti fi diti t(tl +1t2
otal after a@e ime for any condition set ( <50 <250 <250
for the 5 specimens)

After flame plus afterglow time for each individual

<30 <60 <60
specimen after the second flame application (t2 + t3) - - -
After flame plus afterglow of any specimen up to the
. no no no
holding clamp
Cotton Indicator ignited by flame particles or drops no no yes

It evaluates both the burning and afterglow times after repeated flame application and
dripping of the burning test specimen.
(2) Limiting Oxygen Index (LOI) test

Another flammability test, one of the oldest still in use today, is the Limiting Oxygen
Index (LOI) test (ASTMD 2863) [10]. Also widely used for multiple plastic materials,

this test essentially measures the minimum amount of oxygen in a mixture of oxygen and
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nitrogen that will just support combustion. Three test specimens (6.5 mm wide or half the
width of the UL 94 test specimen) are evaluated using an apparatus designed specifically

to imitate candle-like burning conditions.

P Glass Cylinder

Sample

Test Sla.nd—b

/ Sample holder

Fig. 2-12 Basic oxygen index test apparatus [10].

The result is actually a percentage. For example, an Oxygen Index test result of 30
indicates that 30% of the oxygen/nitrogen mixture was required to be oxygen in order to
support continued combustion of the sample. This indicates a good degree of flame
retardancy in the sample when one considers that our atmosphere on planet Earth contains
approximately 21% oxygen. Theoretically then our test specimen would resist burning in
areal fire scenario as atmospheric oxygen content does not change from that 21%. Figure

2-12 presents the basic Oxygen Index test apparatus.

2.3 Instruments and characteristics

2.3.1 Twin-screw extruder

The flame retardants and polymer matrix with the desired filler weight content are

mixed. The mixtures are dried at 80 °C for 24h before extruding. The mixtures are
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extruded using a twin-screw extruder (KZW15TW-30MG-NH (-700)-AKTP, Technovel

Corporation, Japan) as shown in Fig. 2-13.

Fig. 2-13 The image of twin-screw extruder.

2.3.2 Injection molding machine

The extruding plates are formed into specimens using an injection molding machine
(NP7-1F, Nissei Plastic Industrial Co., Ltd., Nagano, Japan) as shown in Fig.2-14.
The shape and measurement of tensile and Charpy impact test specimens are presented

in Fig. 2-15 and Fig. 2-22, respectively.

Fig. 2-14 Injection molding machine.
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Fig. 2-15 Shape and measurement of tensile test specimens (JIS K 7113).

2.3.3 Rolling machine

Fig. 2-16 Rolling machine.

The extruded flame retardant PLA nanocomposites were used for rolling process. The

rolling process was performed with different rolling ratios (§ = 0%, 10%, 30%, 50, 70%)

43



to evaluate the effect of rolling ratio on the properties and morphology of flame retardant
PLA nanocomposites. The rolling processing was carried out by a rolling machine
(TKE-0; Imoto Machinery Co., Ltd., Japan) at room temperature (23+2 °C) with the
rotation speed of 3 m/min (shown in Fig. 2-17).

Enfrance of roller New orientation of
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-
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Fig. 2-17 Schematic drawing showing spring back and the definitions.

The rolling direction was matched to the extrusion direction and the effective width
and diameter of each roller were 150 and 100 mm, respectively. The rolling ratio & was
calculated by using the following equation

&= [(Ho— Hr1)/ Ho] x 100% (2-1)

Where, Ho is the initial thickness of specimen (mm); Hi is the thickness of rolled
specimen (mm), which was measured by a micrometer after rolling process.
2.3.4 UL-94 vertical burning instrument

The Underwriter Laboratories 94 vertical tests (UL-94) were performed according to
JIS C60695-11-10: 2006 (or IEC 60695-11-10:1999) using a horizontal and vertical
burning instrument (FZ-5401, Dongguan Hanyang electronic instrument Co., Ltd, China)

(Fig. 2-18).
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Fig. 2-18 UL-94 vertical burning instrument.

2.3.5 Limiting oxygen index (LOI)

The LOI test was performed according to the testing procedure of JIS K7201-2:2007
(or ISO 4589-2:1996) using a horizontal and vertical burning instrument (HC-A2,
Nanjing Jiangning Analytical instrument Co., Ltd, China) (Fig. 2-19). Test specimen bar

is 7~15 cm in length, 6.5 + 0.5 mm in width and 3.0 £ 0.5 mm in thickness

Fig. 2-19 Limiting oxygen index (LOI) test instrument.

2.3.6 Thermogravimetric analyses (TGA)
Thermogravimetric analyses (TGA) and differential thermal analyses (DTA) were
carried out with Shimadzu DTG-60/60H from 30 °C to 600 °C at heating rates of 10

°C-min’!, whereas the flow of nitrogen was maintained at 50 mL-min™.
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Fig. 2-20 Thermal gravimetric analyses instrument.

2.3.7 Tensile test

Crosshead 7‘
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Fig. 2-13 Schematic of tensile test.

The tensile strength and modulus were measured according to JIS K7113 using a
universal testing machine (Series 3360, Instron Co., Ltd., Canton, America) with a tensile
speed of 10 mm/min. The specimen of tensile test is presented in Fig. 2-15 and the
schematic of tensile test is presented in Fig. 2-21. The samples were placed for 48 h at
room temperature (23 + 2 °C) and atmospheric conditions (relative humidity of 50 + 5%)

before test.
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2.3.8 Charpy impact test
PR il
{ \
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Fig. 2-22 Schematic of Charpy impact test specimens.

The izod impact strength are measured according to JIS K 7111-1:2012 (or ISO
179-1:2010) using a universal testing machine (U-F, Ueshima Seisakusho Co., Ltd.,
Japan) with a speed of 10 mm/min. The specimen of Charpy impact test is present in Fig.
2-22 and the schematic of bending test is presented in Fig. 2-23. The samples are placed

for 48h at room temperature (23 + 2 °C) and atmospheric conditions (relative humidity of

~50 + 5%) before test.
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Fig. 2-23 Schematic of Charpy impact test.

The izod impact strength are obtained from formula 2-1. Where, E is the impact energy,

b is the width of specimen (mm), # is the thickness of specimen (mm), d is the deepness of

V-notch (mm).
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ake = E | b(t-d) (2-1)
E = WR{(cosf-cos150°)-(cosa-cos150°) [(150°+5)/(150°+a)]} (2-2)

2.3.9 Dynamic mechanical analyzer (DMA)

A dynamic mechanical analyzer (RSA-G2, TA Instruments, Wilmington, USA, shown
in Fig. 2-24) was used for the DMA of the flame retardant PLA nanocomposites, in which
the storage modulus E’, the loss modulus E”, and tan 6 (6 is defined as the phase lag
between stress and strain) were determined. The clamping mode of the specimen was
three-point bending and the span of the girder was 10 mm. The parallel part of the
dumbbell shaped specimen was used for the measurements. The specimens were heated
from 30 °C to 180 °C, and each specimen was subjected to the temperature scan mode at
a programmed heating rate of 2 °C /min and a frequency of 1.0 Hz; the amplitude of strain

was 0.1%.

Fig. 2-24 Dynamic mechanical analyzer (DMA) instrument.

2.4 Conclusions

In Chapter 3, three types of flame retardants were characterized by 'H, '*C and 3'P
NMR spectroscopy, elemental analysis (EA), Fourier transform infrared (FT-IR)
spectroscopy, Raman spectroscopy, X-ray photoelectron spectroscopy (XPS), TGA and
TEM. The resultant flame retardants were introduced into epoxy resin and PLA to form

flame retardant polymer composites. The performance of those composites were
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investigated through non-flammability, thermal behaviors and mechnacial properties.

The experimental procedure was displayed as Fig. 2-25.

Flame retardantpolymer  Performance

Syntheses of flame retardants
Thermosettne™ R :
Types Chemical structure : No. Mold g H Flammability
UL-94 :
el = A
0 DO G : :
Series A 5 D _ Q ) Re —a— 3
e} | 20 G T | p—
M "" [ Behaviors
PLA
@/9 — <7 EE
Series B ; M. A/cjﬂj Ry= —SH— H A iafiet E [ —— e
(Chzinike \(@R,@ Y B :3 e e/ Decomposition
macromalecules) QJO LA 4 E ; :.:)mﬂ kinetlics
: > Propertics
Seties C Lo 43?-0* o o Tensile
(Functionalizing R 0 3 Cold rolling process i _
MWCNTs) 0’0 b ']‘h.(; o l a St ic ¢ Notched impact
g 3 L A NCTMOPIASIIC ;
., © a o % o, - o, DMA .
: A 4 The molding technology | ¥ ¥
i Characterization of flame retardants Curi fg Iogy Performance-
: ! uring of epoxy resin valuath
: FT-IR, NMR, Elemental analysis, XPS, XRD, TEM injection molding evaluation

Fig. 2-25 The experimental process.
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Chapter 3 Three Types of Novel Flame

Retardants: Syntheses and Characterization

3.1 Introduction

Driven by the urgent need of environmental protection, halogen-free flame retardant
(HFFR) has been being developed rapidly since 1970s [1]. As an important branch of
HFFR family, phosphorus-containing flame retardants (PFRs), since reported by French
chemist Gay-Lussac at the beginning of the nineteenth century [2], have been developed
greatly by advantage of that: effective at low concentration-organic types; easy
incorporation and processing; relatively little detrimental effect on physical properties
and so on [3]. Today, PFRs are among the "workhorse" products in the flame-retardant
field, and research have focused on searching for high efficiently phosphorus sources.

Among them, 9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) group
has been drawing intense research interest. Based on the active P—H bond, chemically
introducing DOPO into various monomers has become a strategy for preparing HFFRs
[4]. Since the late 1990s, a series of flame retardants and hardeners covalently boned with
DOPO group have been prepared and tested in epoxy resins by Wang[5-7], among which
one reactive monomer containing DOPO group displayed the highest phosphorus
resource efficiency to our knowledge: an epoxy thermoset using this HFFR reached UL
94 V-0 flammability rating, when the phosphorus content is as low as 0.81 wt.% [8]. Lin
reported a one-pot reaction of DOPO, amine and dehyde with high yields [9]. Following
this invention as well as earlier work by Lin [10-12], we synthesized three HFFRs by
introducing DOPO to Schiff base via a two-step procedure, and obtained epoxy
thermosets meeting UL—94 V-0 flammability rating with LOI value as high as 35.6,
when the phosphorus content was 1.0 wt.% [13], and found that the sites of hydroxyl in
these HFFRs significantly affected LOI values of the as-prepared thermosets with

identical phosphorus contents. To sum up, optimizing the flame-retarding performance
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and resource efficiency by selecting functional groups and adjusting their sites of
DOPO-based reactive monomer is feasible.

In this chapter, three types of DOPO-containing flame retardants (Series A: single
molecules; Series B: chain-like macromolecules; Series C: functionalizing MWCNTS)
were synthesized based on the Pudovik reactions. Flame retardants series A were
characterized by 'H, 13C and *'P NMR spectroscopy, elemental analysis (EA) and Fourier
transform infrared (FT-IR) spectroscopy. For series B, FT-IR and X-ray photoelectron
spectroscopy (XPS) were taken to confirm their compositions. The structures and
compositions of flame retardants series C were confirmed by FT-IR, Raman, XPS,
transmission electron microscope (TEM) and Thermogravimetric analyses (TGA). The

synthesis and characterization of flame retardants in this work are shown in Fig. 3-1.

Syntheses of flame retardants
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Fig. 3-1 Synthesis and characterization of flame retardants.
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3.2 Experimental

3.2.1 Materials

For flame retardant series A:

4,4'-Methylenedianiline (DDM), 4,4'-oxydianiline (DDE),
4,4'-diaminodiphenylsulfone (DDS) and 3-methoxy-4-hydroxybenzaldehyde (vanillin)
from Tokyo Chemical Industry Co., Ltd., were wused as received.
9,10-Dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) was purchased from
Eutec trading (Shanghai) Co., Ltd.

For flame retardant series B:

Glutaraldehyde (24-26% in Water) was purchased from Tokyo Chemical Industry Co.,
Ltd.

For flame retardant series C:

MWCNTs (Vapor Grown Carbon Fiber (VGCF®-X), average diameter was
approximately 10~12 nm) were purchased from Showa Denko Company, Tokyo, Japan.
4-Benzoquinone, 4,4'-dihydroxybenzophenone, hydrogen peroxide solution (H202, 35%
in water), sulfuric acid (H2SO4 98 wt.%), nitric acid (HNO3, 67 wt.%), tetrahydrofuran
(THF), thionyl chloride (SOCl2), N,N-demethylformamide (DMF), ethanol (EtOH) and

toluene were obtained from Tokyo Chemical Industry Co., Ltd.

3.2.2 Syntheses of flame retardants-series A base on Pudovik reaction

gy, @Q yeg ﬁ;

Scheme 3-1. Syntheses of flame retardant series A.
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Scheme 3-1 shows that flame retardants A1,A2 and A3 were respectively prepared by a
one-pot procedure based on Pudovik reaction with two steps: synthesis of Schiff base
from condensation reaction between DDM (or DDE or DDS) and vanillin; the addition
reaction between DOPO and the Schiff base. The whole procedure does not need

extraction of solvent.

(1) Synthesis of A1

| DOPO ,\/‘
<5L @Q BiOH 60,41 EEJ@L Q/ij FK)H\XOUM EEL

Vanlllln

Scheme 3-2. Synthesis of flame retardant A1.

As shown in scheme 3-2, A1 was prepared by a one-pot procedure with two-steps. To a
500 mL three-neck round-bottom glass flask equipped with a reflux condenser and a
mechanical stirrer, was charged with the solution of DDM (14.87 g, 0.075 mol) in EtOH
(150 mL). The solution of vanillin (22.82 g, 0.15 mol) in EtOH (100 mL) was added
dropwise into the flask within 30 min. After this solution had been added completely, the
mixture was stirred at 60 °C until there was only one dot left in TLC (about 4 h). Then
DOPO (32.43 g, 0.15 mol) was added into the mixture, and 80 mL of EtOH was added at
the same time. The reaction mixture was stirred at 80°C for another 18 h. After the
reaction completed, the reaction mixture was filtered, leaving a white solid (DP-DDM)
which was washed repeatedly with hot EtOH. Flame retardant A1 was collected after

drying for more than 8 h in a vacuum oven. (White solid 60.87 g, yield: 90.3%)

(2) Synthesis of A2

DOPO
\©\ /©/ EtOH, 60 °C, 4 h
non 80°C, 18h

Vanillin DDE

Scheme 3-3. Synthesis of flame retardant A2.
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As shown in scheme 3-3, flame retardant A2 was prepared in a similar procedure of A1,

using vanillin, DDE and DOPO as starting materials. (White solid 8, yield: 90.8%)

(3) Synthesis of A3

.
o~ X
OH

Vanillin DDS

EtOH. 80 °C, 18 h

. | boro (’ ?\/‘
QSL QSO ‘o e @QO@ ,) é

Scheme 3-4. Synthesis of flame retardant A3.

As shown in scheme 3-4, flame retardant A3 was prepared in a similar procedure of A1,

using vanillin, DDS and DOPO as starting materials. (White solid, yield: 90.7%)

3.2.3 Syntheses of flame retardants-series B

Nao~o~eN
+ VW >
R \ R

B1: R= —CHy—

B2: Ry= —0—
N’

B3: R3= o//S\\O

Scheme 3-5. Syntheses of flame retardant series B.

(1) Synthesis of B1

B1 was prepared as follows (was depicted in scheme 3-6): (1) DDM (14.87 g, 0.075
mol), and glutaraldehyde (7.5 g, 0.075 mol) were dissolved in anhydrous EtOH (200 mL)
under nitrogen atmosphere. The yellow solution was stirred at 60 °C for 4 h. The reaction
mixture was filtered, leaving a yellow solid which was washed repeatedly with hot EtOH.
(2) After the yellow solid dissolved in DMF, DOPO (32.43 g, 0.15 mol) was added into

the mixture. The reaction mixture was stirred at 80 °C for another 12 h. When the reaction

55



completed, the solvent was removed by rotary evaporation leaving yellow liquid (flame

retardant B1).

70

Na~e~aeN
HN NHzO o _FOH,60°C.4n /©/ B N
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C O C DMEF, 80 C, 12 h NM
Hy e

o
H
N

n =

f o”
DDM Glutaraldehyde : ‘;‘

B1
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Scheme 3-6. Synthesis of flame retardant B1.

(2) Synthesis of B2
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HaN NHZO o FOH.60C,4h /©/ H N
_— >
o rONINT o DMF. 80°C, 12 h /©/ B
n O P

";‘ s

B2

|

v
o
O $q
S~

Scheme 3-7. Synthesis of flame retardant B2.

As shown in scheme 3-7, flame retardant B2 was prepared in a similar procedure of B1,
using DDE, glutaraldehyde and DOPO as starting materials.

(3) Synthesis of B3

o't

P
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Scheme 3-8. Synthesis of flame retardant B3.

As shown in scheme 3-8, flame retardant B3 was prepared in a similar procedure of B1,

using DDS, glutaraldehyde and DOPO as starting materials.
3.2.4 Flame retardants-series C of functionalizing MWCNTs

As shown in scheme 3-9, core-shell nanostructured MWCNT-DOPO-OH with

MWCNTs as hard core and DOPO-OH as shell was prepared by three steps: (1) Synthesis
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of MWCNTs-COCI. (2) Synthesis of flame retardant molecules. (3) The formation of

flame retardant series C by grafting flame retardant molecules onto the surface of

MWCNTs.

HNO,/H,S0, (1:3) soCl,

—_—

80°C, 24h

Cl
60C, 4h

MWCNTs-COOH MWCNTs-COCI

“ . o:©:o A reflae 35 ORO
0-P=0 HO OH

:

ODOPB O O

g S N ST o \
+ HO C OH%HO‘@*C‘@*OH DMF

0-P=0

o e
PZ 80°C, 24h
:
B

DP-PhOH
O_E:O toluene-water, 95 °C, 8 h O_Z:O J
DOPO DOPO-OH

Scheme 3-9. Syntheses of flame retardant series C.

(1) Synthesis of MWCNTs-COCI

MWCNTSs MWCNTs-COOH MWCNTs-COC1

Scheme 3-10. Synthesis of MWCNTs-COCI.

MWCNTs-COCI was prepared following the reported procedure [14-16]. MWCNTs
was acid-treated with a mixture of nitric acid and sulfuric acid (1:3 by volume) in
ultrasonic bath at 50~60 °C for 4 h. The acid-treated MWCNTs (MWCNT-COOH) was

washed to neuter (pH = 7.0), and dried at 80 °C in a vacuum oven overnight. The mixture
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of MWCNT-COOH, SOCIl; and DMF (with the ratio of 200 mg : 50 ml : 1 ml) was
dispersed in ultrasonic bath for about 2 h and refluxed at 80 °C for 24 h. Then unreacted
SOCl2 was removed by distillation and the remained MWCNT-COCI was dried at room
temperature under vacuum.

(2) Synthesis of C1

THF, reflux,4h ~ O-R=0 ‘ ' Cl
> -
o-F=0 + o:<:>:o o on MWCNTs-COCI
M DMF, 80 C, 24h
DOPO ODOPB

Scheme 3-11. Synthesis of flame retardant C1.

Step I: ODOPB was synthesized according to the reported process [17].
10-(2,5-dihydroxyphenyl)-10-hydrogen-9-oxa-10-phosphoryl miscellaneous
philippine-10-oxide(ODOPB), was synthesized using
9,10-dihydro-9-oxa-10-phospha-phenanthrene-10-oxide(DOPO)and benzoquinone as the
starting materials and THF as the solvent.

In a multi-necked flask equipped with a stirrer, reflux condenser and thermometer,
DOPO was suspended in THF and heated to 80 °C. Then benzoquinone was added to the
mixture within 8 h. As the suspension was cooled to room temperature, the remained
ODOPB was filtered, washed with water and recrystallized from THF.

Step 2: The calculated amounts of MWCNT-COCI, ODOPB and one drop of pyridine
as catalyst were added in a glass flask and dispersed by DMF. Then the mixtures were
stirred at 80 °C for 12 h under nitrogen atmosphere. The products (flame retardant C1)
was filtered, washed with DMF and then dried to constant weight at 80 °C under vacuum.
(3) Synthesis of C2

Step 1: DP-PhOH was syntheszed according to the reported procrduce [18]. DOPO and
DHBP were mixed together in a round-bottomed flask. The mixture was heated to 190 °C
and stirred for 3 h. The reaction mixture then became thick. After being cooled to 100 °C,

10 ml toluene was added to the flask. The pale yellow precipitate was filtered and washed
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with toluene. The as-synthesized DOPO-PhOH was dissolved in boiling
N,N-dimethylacetamide (DMACc) in nitrogen atmosphere, followed by filtration of the
hot solution which was then precipitated in tetrahydrofuran (THF) and diethyl
ether(Et20), filtered off and recrystallized two times to achieve high purity. The received

white powder product was dried in vacuum to remove residual solvents.

.

o
o o
0 190°C.3h | cl y
+ HO C OH———> HO (‘: OH MwceNTs-cocl 9
H P22 I

0-P=0 - = o]
! B DMF, 80 °C, 24 h
? v
DOPO DHBP ‘;‘
DP-PhOH C2

Scheme 3-12. Synthesis of flame retardant C2.

Step 2: The calculated amounts of MWCNT-COCI, DP-PhOH and one drop of pyridine
as catalyst were added in a glass flask and dispersed by DMF. Then the mixtures were
stirred at 80 °C for 12 h under nitrogen atmosphere. The products (flame retardant C2)

was filtered, washed with DMF and then dried to constant weight at 80 °C under vacuum.

(4) Synthesis of C3
Cl
Q<) me L9 g
> Cl
O-P=0 toluene-water, 95 °C, 8 h 0O-P=0 MWCNTs-COCI
! - >

H OH DMF, 80 C, 24h

DOPO DOPO-OH

C3

Scheme 3-13. Synthesis of flame retardant C3.

Step 1: DOPO-OH was syntheszed according to the reported US patent [19]. In a
multi-necked flask equipped with a stirrer, reflux condenser and thermometer, DOPO was
suspended in toluene-water mixture and heated to 95 °C. Then hydrogen peroxide was
added to the mixture within 8 h. As the suspension was cooled to room temperature, the

remained DOPO-OH was filtered, washed with water and recrystallized from acetic acid.
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Step 2: The calculated amounts of MWCNT-COCI, DOPO-OH and one drop of
pyridine as catalyst were added in a glass flask and dispersed by DMF. Then the mixtures
were stirred at 80 °C for 12 h under nitrogen atmosphere. The products
(MWCNT-DOPO-OH) was filtered, washed with DMF and then dried to constant weight

at 80 °C under vacuum.
2.3.5 Instruments and measurements

Fourier transform infrared (FT-IR) spectra were recorded on a Bruker Vertex 70
infrared spectrophotometer by KBr disc method with optical range of 400~4000 cm™. 'H
NMR (400 MHz), 3*C NMR (101 MHz) and *'P (162 MHz) NMR spectra were registered
with a Bruker AV-400 spectrometer by using DMSO-ds as solvent and TMS as an internal
standards. The elemental analyses were performed with a CHNOS Elemental
Analyzer-vario EL cube. Raman spectra were recorded on the laser Raman spectrometer
(Horiba JY HR800, HORIBA, Ltd., France) at 532 nm radiation with range of 1000~2000
cm’!. X-ray photoelectron spectroscopy (XPS) analyses were performed on PHI Quantum
5000 (Physical Electronics Division, Perkin-Elmer Corp., USA) equipped with an Al Ka
radiation source. Thermal gravimetric analyses (TGA) of samples were carried out with
Shimadzu DTG-60/60H from 30 °C to 600 °C at heating rates of 10 °C-min’!, whereas the
flow of nitrogen was maintained at 50 mL-min!. Transmission electron microscopy
(TEM) images were obtained on a Model H-8100 transmission electron microscope

(Hitachi Ltd., Japan).

3.3 Results and discussion

3.3.1 Characterization of flame retardants-series A

The syntheses and yields of flame retardants-series A were shown in Fig. 3-2. The
chemical structures and compositions of flame retardant A1, A2 and A3 were confirmed

by FT-IR, elemental analysis, "H NMR, '3C NMR and *'P NMR spectroscopy.
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Fig. 3-2 Syntheses and yields of flame retardant series A.

(1) FT-IR spectra
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Fig. 3-3 FT-IR spectra of DOPO and Al, A2, A3.

Figure 3-3 shows the FT-IR spectra of DOPO and flame retardant A1, A2, A3. The
disappearance of P—H stretching vibration at 2437 cm™! demonstrates that DOPO has

been essentially converted [20-24].
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The absorption-peaks at 758 cm™, 925 cm™ and 1231 cm™ corresponds to the
P—O—Ph linkage of DOPO groups in flame retardant A1 (or A2, A3). Ph—O—C and
—CHs stretching vibrations at 1032 cm™, 2842 cm™! and 2946 cm™ indicate the existence
of vanillin groups in A1 (or A2, A3). The peaks at 1032 cm™!, 2842 cm™ and 2946 cm™! of
Al (or A2, A3) are attributed to the stretching vibrations of Ph—O—C and —CH3 of
vanillin group. The peaks at 1514 cm™ and 3282~3279 cm™! are ascribed to N—H
bending vibrations and N—H stretching vibrations. For A3, the peak at 1331 cm’!
corresponds to the characteristic stretching vibration of S—O0. These FTIR data were
summarized in Tab. 3-1.

These FTIR data and their analyses of flame retardant Al (or A2, A3) are

self-consistent with the results of NMR described below and element analysis results.

Tab. 3-1 FTIR data of flame retardant A1, A2 and A3.

No. FT-IR (KBr)

Al 925 cm’!, 1234 cm™ (P-O-Ph); 1033 cm™! (Ph-O-C); 1207 cm™ (P=0); 1514
cm!, 3317cm™ (N-H); 1596 cm™ (P-Ph); 3511 cm™! (O-H).

Ar 925 cm™, 1234 cm™ (P-O-Ph); 1033 cm™ (Ph-O-C); 1206 cm™ (P=0); 1514
cm!, 3282 cm! (N-H); 1594 cm’! (P-Ph): 3510 cm™! (O-H).

A3 926 cm™!, 1236 cm™ (P-O-Ph); 1034cm™ (Ph-O-C); 1207 cm™! (P=0); 1514
cm!, 3279 cm™! (N-H); 1595 em™ (P-Ph); 3514 cm™ (O-H).

(2) 'H, 3C and 3'P NMR spectra

As shown in Fig. 3-4, figure Al-(a), figure A2-(a) and figure A3-(a) respectively show
the '"H NMR spectra of flame retardant A1, A2 and A3. The chemical shifts at 7.9~7.2
ppm are attributed to the aromatic protons on DOPO group in Al (or A2, A3) (labeled
a-h). A strong resonance signal around 3.67~3.42 ppm is characteristic of the protons
(labeled r) of methyl groups, whose aromatic protons are shown by the inlet of Fig. 3-4(a).
The chemical shifts of HY (HY ) display germinal couplings resulting from chiral electron
effects, generated from the configuration of P*—(C"*—HY)—N* and possible
interactions including two sets of intra-hydrogen bonds built up from N*—H and
O=P*—0, where * denotes that the labeled atoms provide chiral electron effect. This

phenomenon is reported previously [25-27].
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Tab. 3-2 NMR data of flame retardant of A1, A2 and A3.

NMR Al A2 A3
§8.90 (d,J=11.4 Hz, 2H), 8.16 | 59.02 —8.92 (m, 2H), 8.12 (t, J= | 59.02 — 8.92 (m, 2H), 8.11 (dd, J =
(dd, J=16.3, 9.5 Hz, 4H), 8.01 — | 7.3 Hz, 4H), 7.87 (dd, J= 9.8, 11.5, 4.7 Hz, 4H), 7.85 (d, J = 8.4
7.94 (m, 1H), 7.79 — 7.63 (m, 6.0 Hz, 1H), 7.66 (dd, J= 14.4, | Hz, 1H), 7.75 — 7.59 (m, 3H), 7.47
3H), 7.52 (t, J = 6.7 Hz, 1H), 4.6 Hz, 3H), 7.48 — 7.18 (m, ~7.18 (m, 12H), 7.11 (d, J= 8.1
747-7.34 (m,3H),7.29 (t, J= | 12H), 7.11 (d,J=8.1 Hz, 1H), | Hz, 1H), 7.01 — 6.96 (m, 1H), 6.91
7.6 Hz, 2H), 7.14 (d,J=8.0 Hz, | 6.99 (dd,J="7.8, 3.1 Hz, 1H), (d,J=17.9 Hz, 2H), 6.74 (dd, J =

IHNMR | 1H), 7.04 (d, J= 8.1 Hz, 1H), 6.91 (d,J=18.2 Hz, 2H), 6.76 | 15.1, 10.4 Hz, 6H), 6.62 (dd, J =
6.91 (s, 2H), 6.82 — 6.46 (m, (dt,J=13.7, 7.8 Hz, 6H), 6.66 — | 8.0,2.2 Hz, 2H), 5.43 (dd, J= 16.2,
12H), 6.44 — 6.36 (m, 1H), 6.03 | 6.60 (m, 2H), 5.44 (dd, J=16.5, | 9.6 Hz, 1H), 5.11 (dd, J=13.7,
(d, J=4.8Hz, 1H),5.23 (dd, J= | 9.5 Hz, 1H),5.17 - 5.07 (m, 1H), | 10.3 Hz, 1H), 3.62 (d,J=3.7 Hz,
14.4,10.0 Hz, 1H), 492 -4.81 | 3.67—3.59 (m, 6H). GH).
(m, 1H), 3.73 — 3.54 (m, 6H),
3.42 (d, J= 11.0 Hz, 2H).
§149.54 (C16, C16', dd, J = §151.34 (C1,Cl’,t,J=9.1 Hz), | 815131 (C1,Cl’,t,J=9.4 Hz),
20.5, 8.8 Hz), 147.72 (C13, C13', | 149.53 (C15,C15',dd, J=35.1, | 149.52 (C15,C15', dd, J=35.1,
s), 146.63 (C7, C7', 5), 145.55 8.9 Hz), 147.73 (C12,C12",s), | 9.1 Hz), 147.70 (C12, C12, ),
(C14,C14",t,J = 11.7 Hz), 146.83 (C13, C13",5), 13634 — | 146.81 (C13, C13', 5), 136.02 (C6,
135.86 (C22, C22',dd, J=10.9, | 135.76 (C6, C6', m), 134.14 C6', dd, J=27.4, 5.9 Hz), 134.12
5.9 Hz), 134.10 (C2, C2', 5), (C21, C21", d, J = 33.4 Hz), (C21, C21',d, J=33.6 Hz), 132.20
133.76 (C9, C9', s), 132.24 (C24, | 132.21 (C8, C8',d,J=8.9 Hz), | (C8,CS8',d,J=7.4Hz), 131.08
C24',d,J=9.1 Hz), 131.28 — 131.09 (C23, C23', 5), 129.98 (C23,C23", s), 129.95 (C17, C17',
130.82 (C18, C18',m), 129.15 | (C17, C17', 5), 128.79 (C25,C25', | ), 128.77 (C25,C25", d, J = 14.1
(C3,C3',C4,C4', s), 128.72 d,J=12.8 Hz), 128.53 (C2, C2', | Hz), 128.51 (C2, C2’, C3,C3", s),
(C26,C26",dd, J=21.1, 12.4 €3, C3', 5), 127.02 (C26, C26', d, | 127.01 (C26, C26', d, J= 18.7 Hz),
Hz), 126.36 — 125.77 (C25, J=18.5 Hz), 126.06 (C24, C24, | 126.06 (C24, C24',d, J=11.7 Hz),

BCNMR | €25, m), 125.07 (C20, C20",d, J | d,J=11.4 Hz), 12539 — 124.87 | 125.14 (C19, C19',dd, J=7.9, 6.2
= 8.8 Hz), 124.71 (C19, C19, 5), | (C19, C19’, m), 124.33 (C18, Hz), 124.33 (C18, C18',t,J = 8.8
124.34 (C23,C23',dd, J=15.8, | C18",t,J=28.8 Hz), 123.81 (C22, | Hz), 123.82 (C22, C22',d,J=10.0
8.0 Hz), 123.57 (C27,C27",s), | C22',d,J=9.6 Hz), 122.67 Hz), 122.68 (C20, C20',d, J = 12.5
123.13 (C21, C21,5), 122.42 — | (C20, C20',d, J= 12.3 Hz), Hz), 121.92 (C9, €Y', dd, J = 10.1,
121.91 (C10, C10", m), 121.68 122.12 - 121.66 (C9, CY', m), 5.0 Hz), 121.63 (C11, C11", dd, J =
(C12,C12'dd, J=19.1,5.4 Hz), | 121.53 (C11,C11,d,J=5.1 25.3, 5.4 Hz), 120.35 (C16, C16,
120.53 (C17,C17',dd, J=22.2, | Hz), 120.74 - 119.99 (C16, C16', | dd, J=35.2, 5.6 Hz), 115.55 (C10,
5.7 Hz), 115.50 (C5, C5'and C6, | m), 115.58 (C10, C10, s), 113.28 | C10', s), 113.55 — 113.05 (C4, C4',
C6',s), 114.31 (C1,d,J=7.3 (C4, C4',C5,C5',dd, J=14.3, | C5, C5', m), 56.75-55.70 (C7, C7',
Hz), 113.32 (C11,C11", d, J = 6.2 Hz), 54.62-56.80 (C7,C7', | m), 56.04 (C14, C14", ).
11.2 Hz), 57.61 — 56.26 (C8, C8', | q), 56.06 (C14, C14', 5).
m), 56.07 (C15, C15, ).

SIPNMR | §34.45 (s), 31.72 (). §33.16 (s), 31.46 (). §33.10 (s), 31.38 (t, J= 8.1 Hz).
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A strong resonance signal around 3.67~3.42 ppm is characteristic of the protons
(labeled r) of methyl groups, whose aromatic protons are shown by the inlet of Fig. 3-4(a).
The chemical shifts of H4 (HY' ) display germinal couplings resulting from chiral electron
effects, generated from the configuration of P*—(C’*—H9)—N* and possible
interactions including two sets of intra-hydrogen bonds built up from N*—H and
O=P*—O0, where * denotes that the labeled atoms provide chiral electron effect. This
phenomenon is reported previously [25-27].

Fig. 3-4 (b) (Al-(b), A2-(b) and A3-(b)) respectively show *C NMR spectrum of
flame retardant A1, A2 and A3. Out of the same reason, C®* in A1 atom (or C’* in A2, A3)
displays quadra-split peaks ranging from 54.62 to 57.61 ppm. The other peaks were well
assigned to the chemical structure of flame retardant A1, A2 and A3 (Tab. 3-2 ). The
other resonance peaks ranging from 151 to 113 ppm for carbon atoms have been
attributed as shown in Figure 1(b) and Figure 2(b).

The two peaks observed in *'P NMR spectrum (Fig. Al-(c), A2-(c) and A3-(c)) are
consistent of with the chiral configuration mentioned above.
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Fig. 3-4 NMR spectra of A1, A2 and A3: (a) 'H NMR; (b) 1°C NMR; (c) *'P NMR.

Taking the two chiral P and two chiral C (P*—(C7*—Hq)—N%*) into account in each

64



chemical scheme, there are eight groups of diasteremoers in A1 (or A2, A3).

The 'H, '*C and 3'P NMR spectrum of Al, A2 and A3 are all consistent with the
assigned structure presented in Fig. 3-4, and the results are summarized in Tab. 3-2. The
chemical structures of those novel flame retardant were well monitored by 'H, '*C, and
3P NMR spectroscopy
(3) Elemental Analysis

Element analysis data also confirm the structures of flame retardant A1, A2 and A3.
The elemental analysis results (Tab. 3-3) are in good agreement with the data calculated
in light of the expected formula of flame retardant. These characterization data further
indicated that flame retardant A1, A2 and A3 were successfully synthesized, and no side

products were detected.

Tab. 3-3 Elemental analysis data.

No.  Molecular Formula C (%) H (%) N (%) S (%)

Al Cs3H44N20sP2 69.54 . 2.87 0.089
A2 Cs2H4oN209P2 69.22 . 2.72 0.083
A3 Cs2Ha2N2O10P2S 64.25 . 2.69 3.006

Experimental values mm Calculated values

3.3.2 Characterization of flame retardants-series B
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Fig. 3-5 Syntheses and yields of flame retardant series B.

65



The syntheses and yields of flame retardants-series B were shown in Fig. 3-5. The
chemical structures and compositions of flame retardant B1, B2 and B3 were confirmed
by FT-IR and XPS spectroscopy.

(1) FT-IR spectra
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Fig. 3-6 FT-IR spectra of DOPO and flame retardants B1, B2, B3.

Fig.3-6 shows FT-IR spectra of DOPO and flame retardants B1, B2, B3. The
absorption peaks in the spectrum of DOPO corresponded to the reported association that:
758 cm’!, 906 cm™ and 1238 cm™! (P—O—Ph); 1206 cm™ (P=0); 1594 cm™! (P—Ph);
2436 cm!' (P—H) [28-29]. Comparing with the FT-IR spectrum of DOPO, it is also
found that the absorption peak at 2436 cm™ for P—H stretching vibration disappeared
from the spectrum of flame retardants (B1, B2 and B3) and their synthesis intermediates
(Bla, B2a and B3a).

Additionally, a broad peak at 3230 cm™! for hydroxyl-association and a new peak
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around 2930~2850 cm! attributing to —CH2— stretching vibration appeared, indicating
that glutaraldehyde has been connected to DDM, DDE or DDS by condensation
reaction. For the spectrum of both flame retardants and their synthesis intermediates, the
characteristic absorption peaks associated with DOPO at 754 cm™, 944 cm™ and 1202
cm’! are attributed to the P—O—Ph stretching vibrations. Moreover, a new absorption
peak for N—H stretching vibration indicates that P—H groups of DOPO have reacted
with C=N groups of the Schiff base (synthesis intermediates Bla, B2a or B3a). These

results provide an evidence for the formation of such chain-like macromolecules flame

retardants.
(2) XPS
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Fig. 3-7 The XPS survey spectra of flame retardants (B1, B2 and B3) and their synthesis

intermediates (Bla, B2a and B3a).

XPS analysis was performed to understand the chemical composition of flame
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retardants (B1, B2 and B3) and their synthesis intermediates (Bla, B2a and B3a). The
spectra are shown in Figure 3-7.

The survey spectra (Fig. 3-7b) show that besides the C1s (285 eV), N1s (399.5 eV) and
peaks of synthesis intermediates Bla, new peak can be observed at 533.5 eV (Ols) for
chain-like macromolecules B1, which can apparently be attributed to the Pudovik
reaction with DOPO (Scheme 3-6). The appearance of P2p peaks at 135.5 eV for all flame
retardants-series B further confirm the Pudovik reaction between P—H groups with
C=N groups according to scheme 3-5. It can thus be concluded that the DOPO groups
have been chemically introduced into the chain-like macromolecules flame

retardants-series B.
3.3.3 Characterization of flame retardants-series C

(1) FT-IR
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Fig. 3-8 FT-IR spectra of DOPO and flame retardants C1, C2, C3.
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Fig. 3-8 shows FT-IR spectra of DOPO, flame retardants-series C and their synthesis
intermediates. The FT-IR spectrum of DOPO can be associated as follows: 758 cm™,
906 cm'and 1238 cm™! (P—O—Ph); 1206 cm™! (P=0); 1594 cm™ (P—Ph); 2436 cm’!
(P—H) [30-32]. Comparing with the FT-IR spectrum of DOPO, it is found that the
absorption peak at 2436 cm™ for P—H stretching vibration disappeared from the
spectrum of flame retardants-series C (C1, C2 and C3) and their synthesis intermediates
(Cla, C2a and C3a).. For flame retardant C3 (Fig. 3-8d), a broad peak at 3230 cm™' for
hydroxyl-association and a new peak around 1011 cm™ attributing to P—OH stretching
vibration appeared, indicating that DOPO has been essentially converted to synthesis
intermediate DOPO-OH. From the spectrum of C3, the characteristic absorption peaks
associated with DOPO-OH at 754 cm’!, 944 cm™ and 1202 cm™ are attributed to the
P—O—Ph stretching vibrations. Moreover, a new absorption peak at 1305 cm™ for
C—O—P stretching vibration indicates that the hydroxyl groups of DOPO-OH have
reacted with the acyl chloride groups on the surface of MWCNT. These results provide

an evidence for the formation of such functionalized multi-walled carbon nanotube C3.

(2) Raman
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Fig. 3-9 Raman spectra of MWCNTs and flame retardants-series C (C1, C2 and C3).
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Raman spectra for MWCNTs and flame retardants-series C (C1, C2 and C3) are
presented in Fig. 3-9, and the data are summarized in Tab. 3-4. According to the reported
literatures, the typical peaks for MWCNT at ca. 1329 cm! (peak D, sp® hybridization of
carbon) relates to the disordered graphite structure, and 1593 cm™ (peak G, sp?
hybridization of carbon) corresponds to a splitting of the Ezg stretching mode of graphite
[33-35]. Therefore, the value of Ic/Ip can represent the degree of functionalization on the
side walls of carbon nanotubes. And more generally, the decrease in Ic/Ip reflects the
increase in disordered amorphous domain or content of sp*>-hybridized carbons. As the
data shown in Tab. 3-4, Ic/Ip of MWCNT is 0.52, while, that for flame retardants C1, C2
and C3 is 2.01, 0.81 and 0.47, respectively. That results clearly indicates the chemical
graft of DOPO groups on the MWCNTs surfaces.

Tab. 3-4 Data of Raman spectra of pristine MWCNTs, C1, C2 and C3.

Xc Xp R=Ic/Ip
MWCNTs 1593 1329 0.52
Cl 1590 1343 2.01
C2 1596 1339 0.81
C3 1599 1326 0.47

(3) XPS
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Fig. 3-10 The XPS survey spectra of MWCNTs and flame retardants-series C.
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XPS analysis was performed to understand the chemical composition and structure of
flame retardants-series C, and the spectra are shown in Fig. 3-10. The survey spectra
show that besides the Cls (285 eV), a new peak can be observed at 200 eV (Cl2p) for
MWCNTs-COCI, which can apparently be attributed to the chloroformylation reaction on
the surface of MWCNTs (Scheme 3-10). The appearance of P2p peaks at 135.5 eV for all
flame retardants-series C further confirm that the DOPO groups have been chemically

introduced into the nano-core-shell flame retardants-series C.
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Fig. 3-11 The XPS (a) survey spectra of MWCNTs, MWCNT-COCI and C3;
high-resolution XPS spectra of (b) P2p for C3; (c¢) Cls for MWCNTs, MWCNT-COCI

and C3; (d) Ols for MWCNT-COCI and C3.

Take flame retardant C3 as an instance. The survey spectra (Fig. 3-11a) show that
besides the deconvolution of the Cls peak at 286 eV of the as-received MWCNTSs, new
peaks are observed at 200 eV (CI2p) and 533 eV (Ols) for MWCNT-COCI, which can

apparently be attributed to the acylation reaction on the surface of MWCNTs (Scheme
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3-10) [36-37]. The disappearance of CI2p peak and appearance of P2p peaks at 135.5 eV
for C3 further confirm the chemically grafting reaction of DOPO-OH groups on
MWCNTs-COCl surfaces, according with the Step 2 in Scheme 3-13. The high-resolution
XPS P2p spectra for C3 (Fig. 3-11b) show three relatively well-resolved peaks of P—O
(135.3 eV), P—C (135.8 eV) and P=0 (136.6 e¢V) with the ratio of 2 : 1 : 1,
corresponding to that three kinds of phosphorus species in C3 [38]. From Fig. 3-11c and d,
the detailed analyses of XPS spectra provide clear evidence that the MWCNTs have been
surface chemically modified following the three steps shown in Scheme 1. As seen in Fig.
3-11c, the following bonds for MWCNTs are assigned: sp? C=C (286 eV), sp> C—C
(286.7 eV), C—O (287.8 eV), C=0 (290.8 eV), t—n* (292.8 eV) [39-41]. The C—Cl
bond at 289.4 eV for MWCNT-COCI confirms the acylation reaction. While its
disappearance as well as the appearance of new C—P bond (286.8 eV) demonstrate the
following nucleophile substitution reaction. Comparing the high-resolution XPS Ols
spectra for MWCNT-COCI with MWCNT-DOPO-OH (Fig. 3-11d), the nucleophile
substitution reaction between MWCNT-COCI and DOPO-OH is further evidenced by the
appearance of peak at 532.4 eV (P—O) and 536 ¢V (P=0) represented phosphorus
element [42]. It can thus be concluded that the DOPO-OH groups have been chemically
grafted onto the MWCNTs surfaces to form flame retardant C3.
(4) TEM

As more direct evidence for the covalent functionalization of DOPO-containing flame
retardant onto MWCNTs, pristine MWCNTs and flame retardants-series C (C1, C2 and
C3) were analyzed by TEM and the results are shown in Fig. 3-12. For pristine MWCNTs
(Fig. 3-12a), the hollow core and the open end can be found as well as the surface seems
to be smooth and clear without any extra phase adhering to it. In contrast, a 5 nm-thin
layer covered on the surface of MWCNTs is observed in flame retardants-series C (Fig.
3-12b). Such core-shell structured flame retardants-series C with the DOPO-containing
flame retardant layer as the shell and MWCNTs at the center shows an increased diameter

about 19~20 nm comparing to that (10~11nm) of pristine MWCNTs, which indicates that
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DOPO-containing flame retardant have been successfully grafted onto the MWCNT

surface.

Fig. 3-12 TEM images of (a) MWCNTs and flame retardants C1-(b), C2-(b), C3-(b).

5) TGA

Thermal stability of pristine MWCNT, flame retardants-series C (C1, C2 and C3) and
their synthesis intermediates (DOPO-containing flame retardants Cla, C2a and C3a)
were investigated by TGA under N2 atmosphere at a heating rate of 10 °C/min, and the
results are shown in Fig. 3-13. Pristine MWCNTs hardly decomposes at temperature
below 600 °C, and the residue is about 96.6 wt.%, whereas DOPO-containing flame
retardants Cla, C2a and C3a remain about 4.2 wt.%, 28.5 wt.% and 7.9 wt.% residue char

after thermal degradation, respectively. The weight loss of flame retardants-series C
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increases rapidly at 350~450 °C, which is due to the decomposition of shell flame
retardants, as well as 69.3 wt.%, 58.1 wt.% and 60.8 wt.% residue char is left at the end of
the test (600 °C), respectively. It is due to the attachment of DOPO-containing shells on
the MWCNTs surface which causes the decrease in the thermal stability of MWCNTs.
According to previous study by Ma et al. [14] the relative amounts of grafted
DOPO-containing shell can be determined by TGA through such thermal decomposition
test. Take flame retardant C3 as instance, the difference in the residue weight loss
between pristine MWCNTs and C3 (35.8 wt%) at 600 °C divides that between pristine
MWCNTs and C3a (88.7 wt.%) resulting the grafting amount of C3a (about 40.4 wt. %).
For flame retardants C1 and C2, 29.55 wt.% of Cla and 56.5 wt.% of C2a are grafted onto

the surface of MWCNTs, respectively.
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Fig. 3-13. TGA curves of MWCNTs, flame retardants-series C (C1, C2 and C3) and

their synthesis intermediates (DOPO-containing flame retardants Cla, C2a and C3a).

3.4 Conclusions

In summary, three types of novel DOPO-containing flame retardants (Series A: single
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molecules; Series B: chain-like macromolecules; Series C: Functionalizing MWCNTs)
were successfully synthesized in good yields based on the Pudovik reactions. Flame
retardants series A were characterized by 'H, '*C and *'P NMR spectroscopy, elemental
analysis (EA) and Fourier transform infrared (FT-IR) spectroscopy. For series B, FT-IR
and X-ray photoelectron spectroscopy (XPS) were taken to confirm their compositions.
Core-shell nanostructured flame retardants-series C with MWCNTs as the hard core and
molecule flame retardant (Cla, C2a or C3a) as shell were successfully synthesized. The
results from FTIR, Raman, XPS, TGA and TEM proved that high density with about 29.5

wt% Cla, 56.5 wt% C2a or 40.4 wt% C3a was covalently grafted on the surface of

MWCNTs, respectively.
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Chapter 4 Flame Retardant Epoxy Resins:
Non-Flammability, Thermal Stability and

Mechanical Properties

4.1 Introduction

Flame-retarding epoxy resin has become one of the basic materials in the electronic
industry. For example, brominated epoxy resins are used as main materials for the copper
clad laminate, because of their good flame retardancy, low cost, excellent physical and
mechanical properties.[1] The poor fire resistance of epoxy composites is one of the
major concerns in their applications as basic materials in the electronic industry [2]. The
subject of flame retardant epoxy resins and their composites has attracted considerable
interest. For example, brominated epoxies are widely available for commercial use
because of their good flame retardancy, low cost, as well as excellent physical and
mechanical properties [3]. However, halogenated epoxy resins or halogen-containing
flame retardants cause serious environmental problems, i.e., the release of toxic and
corrosive gases associated with burning during combustion, such as hydrogen halides,
which are a potential health hazard [4-6]. In recent years, driven by the urgent need of
environmental protection, researches on halogen-free flame retardant (HFFR) of
environment friendly, so called “green flame retardant”, have received considerable
attention.[7] As an important branch of HFFR family, phosphorus-containing flame
retardants 1mpart significant flame-retarding property to epoxy resins through
phosphorylation.[8] The condensed phase mechanism and vapor phase mechanism are
mainly suggested to explain the phosphorylation.[9] A lot of studies based on these two
mechanisms have been carried out to predict the composite properties of fire-retardancy
and develop efficient phosphorus-containing fire-retardant composites, of which three
main strategies was recommended.[10-12] The first one relies on the expectation of

forming carbonaceous chars or barrier layers of polyphosphoric acid during combustion

81



in the condensed phase.[13] The second strategy suggests the reactive types of flame
retardants. Reactive types of flame retardants exhibit much better flame retardancy and
overcome several drawbacks associated with physical blends of epoxy to the additive
types.[14] The third strategy involves the synergistic property. Such synergistic property
probably occurs due to the formation of the P—N bonded intermediates, which gives
better phosphorylating agents than those of the related phosphorus compounds without
nitrogen [15]. Nevertheless, there are still many challenges for phosphorus-containing
flame retardant epoxy resins to encounter (or risk) such as: phosphorus resource
efficiency, potential eutrophication from phosphorous, as well as the flame-retarding

performance in terms of UL 94 V-0 rating [16].
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Fig. 4-1 Preparation and performance-evaluation of flame retardant epoxy resin

composites.

In this work, three types of DOPO-containing flame retardants (Series A: single
molecules; Series B: chain-like macromolecules; Series C: Functionalizing MWCNTs)
were well dispersed into epoxy resin to form flame-retardant epoxy resin composites.

Such epoxy resin composites showed high performance that: meeting UL 94 V-0
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flammability rating; high LOI values of more than 34.5; higher 7gthan that of neat
epoxy resin; excellent mechanical properties. The  preparation and
performance-evaluation of flame retardant epoxy resin composites in this work are shown

in Fig. 4-1.

4.2 Experimental

4.2.1 Materials

Flame retardants Ax, Bx and Cx were synthesized following Chapter 3. According to
the supplier (Clariant Chemicals Ltd., Germany.), the average particle size for
nano-aluminum diethylphosphinate (AlP1) is about 300 nm. It was dried at 80 °C for 12 h
in a vacuum oven before adding into epoxy resin. 2, 2-Bis (4-glycidyloxyphenyl) propane
(another name as diglycidyl ether of bisphenol A, short for DGEBA, epoxy equivalent =

0.51 mol/100 g) from Wuxi Diaisheng Epoxy Co., Ltd., were used as received.
4.2.2 Instruments and measurements

The Underwriter Laboratories 94 vertical tests (UL-94) were performed according to
IEC 60695-11-10:1999 using a horizontal and vertical burning instrument (FZ-5401,
Dongguan Hanyang electronic instrument Co., Ltd, China). The LOI test was performed
according to the testing procedure of ISO 4589-2:1996 with the dimensions 80 x 6 x 3
mm?® of each sample. Thermal gravimetric analyses (TGA) of samples were carried out
with Shimadzu DTG-60/60H from 30 °C to 600 °C at heating rates of 10 °C-min’,
whereas the flow of nitrogen was maintained at 50 mL-min'. Differential thermal
analyses (DTA) were taken with the same instrument from 30 °C to 200 °C at heating
rates of 5 °C-min’!. The scanning electron microscope (SEM) observation was performed
on a Hitachi S-4300 scanning electron microscope in high vacuum mode with 5 kV
acceleration voltage. Dynamic mechanical analysis (DMA) was performed by using a TA
Instrument RSA-G2 with a sample size of 20 x5 x 2 mm? by 3-Point Bending mode with

an amplitude of 30 um. The storage modulus E’ and tan ¢ were determined as the sample

83



was subjected to the temperature scan mode at a programmed heating rate of 3 °C-min’!

and a frequency of 1 Hz.
4.2.3 Preparation of flame retardant epoxy resins

(1) Curing procedure of flame retardants-series A or B modified epoxy resin.
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Fig. 4-2 Curing reaction of flame retardants-series A or B with epoxy resin.

The flame retardants-series A (A1, A2 or A3) or B (B1, B2 or B3) modified epoxy
resins with phosphorus content 0.75 wt%, 1.0 wt%, 1.5wt% were cured using DDM as
hardener. As shown in Fig.4-2, due to the same active proton numbers of Al (or A2, A3,

B1, B2, B3) and DDM, flame retardants-series A (or series B) were used as co-curing

agents of DDM.
Ax/Bx
+ Curing agent:
DDM
Cooling to
160°C,2h 100 °C 100 °C, 1 min 140°C_ 180 °C
2h Zh 0

0 @ @ @

Fig. 4-3 Preparation of flame retardant epoxy resin composites with flame

retardants-series A and B.
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The curing agents and epoxy resins were added at a 1:1 equivalent ratio of active
proton to epoxy group. The flame retardants-series A (or series B) and epoxy resin were
mixed and stirred at 160°C for 2 h, then DDM was added when the mixtures were
cooled to 100°C. The products were cured at 140°C for 2 h and then 180°C for 2 h.
Thereafter, the epoxy thermosets were cooled slowly to room temperature, in order to
prevent cracking. The preparation of flame retardant epoxy resin composites (labeled as
shown in Tab. 4-1) with flame retardants-series A and B are shown in Fig 4-3.

(2) Curing procedure of flame retardants-series C modified epoxy resin.

Cx

o | Curing agent: |
\ DDM

100°C,1 i 140 °C 180°CQ

@ ® @

Fig. 4-4 Preparation of flame retardant epoxy resin composites with flame

retardants-series C.

The flame retardants-series C (1 wt%)-modified epoxy resins with phosphorus content
of 0.75 wt%, 1.00 wt% and 1.50 wt% were cured using DDM as hardeners, which were
labeled as shown in Tab. 4-1. The preparation of flame retardant epoxy resin composites
with flame retardants-series C are shown in Fig. 4-4. Curing procedure: 1 wt% C1 (or C2,
C3), AIPi and Epoxy resin were mixed and stirred by a mechanical stirrer at 20 rpm,
accompanied with dispersing through ultrasonication technique (600 W) at 30 °C for 2 h.
Then the appropriate amount of DDM (EP/DDM =100/25, w/w) was added when the
mixtures were heated to 100 °C. After degasification, the prepared mixture was poured
into the mold. The systems were cured at 140°C for 2 h and then 180°C for 2 h. Thereafter,
the flame retardants-series C modified epoxy resin composites were allowed to cool

slowly to room temperature, in order to prevent cracking.

85



4.3 Results and discussion

4.3.1 Non-flammability and residual char analysis

In this work, the flame retardancy of flame retardants-series A (or series B, series
C)-modified epoxy resin composites were evaluates by Underwriter Laboratories 94
vertical tests (UL 94) and LOI test.

(1) Non-flammability

For flame retardants-series A modified epoxy resin composites, the LOI values and
UL-94 vertical burning grades of thermosets, Ax/(P%-Y) (x=1, 2, 3 and Y=0.75, 1.0,
1.5), are summarized in Tab.4-1. The LOI values of Ax/(P%-0.75) (x=1, 2, 3) are 34.5,
33.3 and 34.8, respectively. All the three epoxy resin composites with phosphorus
content of 0.75 wt% arrive UL-94 V-0 grade. To the best of our knowledge, this is the
highest flame-retarding efficiency based on phosphorus content. The LOI values of
those flame retardants-series A modified epoxy resin composites increase with the
addition of Ax (x=1, 2, 3) increasing, which may result from nitrogen-phosphorus
synergistic effect. Take flame retardant A3 as instance, further assessment of the
flammability of the A3/(P%-Y)) epoxy resin composites are provided in Tab. 4-1. When
flame retardant A3 is added, the LOI value of A3/(P%-1.00) is increased to 35.8, which
can reach UL 94 V-0 rating. B2/(P%-1.50) achieves a higher LOI value of 37.5 and the
UL 94 V-0 rating.

For flame retardants-series B modified epoxy resin composites, the flame-retardant
performance of the Bx/(P%-Y) (x=1, 2, 3 and Y=0.75, 1.0, 1.5) composites have been
investigated in terms of UL—-94 vertical burning tests, and the results are also
summarized in Tab. 4-1. It is clear that UL 94 V-0 flammability rating can be reached
for Bx/(P-0.75%) (x=1, 2, 3) and meanwhile the LOI value reached over 35.5. The
flame retardancy of Bx/(P%-Y) epoxy resin composites increase with the phosphorus

content increasing.

86



Tab. 4-1 Thermal properties and flame retardancy of epoxy resin composites.

Series Flame Thermoset ID T T T Char UL-94

retardant (°C)* (°C)® (°C)° Yield® grade
A1/(P%-0.75) 157 159 168 273 V-0 345
Al A1/(P%-1.00) 151 155 164 306 V-0 365
A1/(P%-1.50) 143 146 156 30.1 V-0  37.0
A2/(P%-0.75) 145 143 154 228 V-0 333
A A2 A2/(P%-1.00) 141 142 154 243 V-0 348
A2/(P%-1.50) 135 137 151 228 V-0 350
A3/(P%-0.75) 140 142 150 244 V-0 348
A3 A3/(P%-1.00) 138 138 146 225 V-0 358
A3/(P%-1.50) 134 137 147 259 V-0 375
B1/(P%-0.75) 154 158 167 278  v.0 365
Bl B1/(P%-1.00) 147 154 162 267  v.0 378
B1/(P%-1.50) 143 150 157 310 wvoo 402
B2/(P%-0.75) 1499 161 168 258 v 0 356
B B2 B2/(P%-1.00) 154 162 169 272  v-0 385
B2/(P%-1.50) 1499 154 163 270  v.0 400
B3/(P%-0.75) 152 159 166 255  v-0 355
B3 B3/(P%-1.00) 151 162 170 292 v.0 382
B3/(P%-1.50) 145 152 159 261 v 0 396
CI/AIPi/(P%-0.75) 160 165 173 233 V-1  36.5
Cl CI/AIPi/(P%-1.00) 156 163 169 241 V-0 395
Cl/AIP/(P%-1.50) 174 171 180 27.5 V-0 412
C2/AIPi/(P%-0.75) 169 169 176 22.0 V-1 372
C C2 C2/AIPi/(P%-1.00) 170 173 180 245 V-0 402
C2/AIPi/(P%-1.50) 162 169 177 303 V-0 435
C3/AIPi/(P%-0.75) 166 168 179 239 V-1 375
C3 C3/AIPi/(P%-1.00) 175 174 177 284 V-0 412
C3/AIP/(P%-1.50) 174 173 179 27.6 V-0 424

# Measured by DTA.

®Measured by DMA (Loss modulus).

“Measured by DMA (Tan delta).

dResidual weight percentage at 600 °C.
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When flame retardant B2 is added, the LOI value of B2/(P%-1.00) is increased to
38.5, which can reach UL 94 V-0 rating. B2/(P%-1.50) achieves a higher LOI value of
40.0 and the UL 94 V-0 rating. According to the above results, a significant
improvement of the flame retardancy for those Bx-modified epoxy resin composites by
well dispersion of Bx into epoxy resin matrix.

For flame retardants-series C modified epoxy resin composites, the flammability of
Cx/AlIP1/(P%-Y) (x=1, 2, 3 and Y=0.75, 1.0, 1.5) composites with Cx content of 1 wt%
have been investigated by UL 94 vertical burning tests and LOI tests. As shown in Tab.
4-1, the addition of C3 to AIPi/Epoxy resin flame retardant system can markedly increase
the LOI values to 37.5, 41.2 and 42.4, respectively. It is expected that the flame
retardancy of these epoxy resin nanocomposites improve better with the presence of 1
wt% Cx. As expected, the LOI values increase greatly for Cx/AlIPi//Epoxy
nanocomposites with only 1 wt% flame retardants-series C loading, demonstrating that
the flame retardancy improved with adding Cx. Generally, when the LOI value is more
than 26, materials could be considered to have flame retardancy. More importantly,
Cx/AlIPi/(P%-1.00) nanocomposites with 1 wt% Cx and phosphorus content of 1.00
wt% can achieve UL 94 V-0 rating, which can be attribute to the excellent char
formation-promoting properties of nano-core-shell structured Cx. Take flame retardant
C3 as instance, further assessment of the flammability of the C3/AlPi/(P%-Y) epoxy
resin nanocomposites with 1 wt% C3 are provided in Tab. 4-1. Keeping the
phosphorus-amount of 0.75 wt%, 1.00 wt%, 1.50 wt%, C3/AlPi/(P%-Y)
nanocomposites show increasing LOI values of 37.5, 41.2 and 42.4, respectively.

This means these Cx/AlP1/(P%-Y) nanocomposites should almost be nonflammable
in air. It could be concluded that the incorporation of 1 wt% Cx into the flame retardant
AlPi/Epoxy resin systems is very effective for the enhancement of flame retardancy and
makes those flame retardants-series C modified-epoxy resin nanocomposites becoming
nonflammable functional polymers.

(2) Residual char analysis
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It has been observed that the physical structure of the charring layer plays a very
important role in preventing of heat transfer, flame spreading and droplet generation
during combustion [17-19]. The morphologies of the residual chars collected from the
vertical burning tests were investigated by SEM.

The outside of Ax/(P%-0.75)’s (x=1, 2, 3) residual char is constructed by
irregular-shaped bulks. Multiparous bulks that the pore density of A3/(P%-0.75)’s char
outside is higher than that of A2/(P%-0.75). This gassy surface is suggested to form
with gas generation during combustion of thermoset. In addition, the char residual
insides of Ax/(P%-0.75) are constructed by fussy and porous char bulks separated by
irregular solid bulks [20].

For flame retardants-series B modified epoxy resin composites, irregular-shaped bulks
were observed in all composites. Such a structural form prevents heat transfer and
protects the matrix inside. It can be concluded that the addition of Bx enhanced the char
formation during combustion, which serves as a barrier against heat and oxygen [21].

With a view to further clarify the combustion mechanism, morphologies of the
residual chars of Cx/AlPi/(P%-Y) epoxy resin nanocomposites were collected from the
vertical burning tests and investigated by SEM as shown in Tab. 4-2. All these residual
chars exhibit a non-smooth carbonaceous charring layer with uneven distributing
irregular-shaped pores. According to high magnification photo of each samples, the char
show a foam structure indicating a typical morphology after the intumescent char
formation.

For Cx/AlPi/(P%-0.75), a loose expansion surface adhering with some
irregular-shaped and multiporous particles are observed, which may be resulted from
the gas-products degraded during combustion. Such gas-generating process provide
nonflammable gas as well as quenching effective phosphorus free radical to impede
combustion according to the vapor phase mechanism and free radical quenching

mechanism [22].
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4.3.2 The thermal stability of epoxy resin composites

The thermal stability of epoxy-based functional materials establishes their service
environment. For instance, as an important parameter of the thermal property of epoxy
thermosets, 7 gives information about the crosslinking density, below which the epoxy
thermosets can be used well in most cases. In this chapter, the thermal stability of flame
retardant epoxy resin composites were investigated by TGA and DTA under nitrogen
atmospheres at a heating rate of 10 °C-min’..

(1) The thermal stability of Ax-modified epoxy resin composites

100
e
S~ 80-
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= —— AL/(P%-0.75)
N—" - - = A1/(P%-1.00)
E 60 e A/(P%-1.50)
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Fig. 4-5 TGA curves of flame retardants-series A modified epoxy resin composites

measured at a heating rate of 10 °C/min.

The TGA curves of epoxy resin and flame retardants-series A modified epoxy ersin
composites under nitrogen are respectively shown in Fig. 4-5, and the analysis results are
summarized in Tab. 4-1. Under nitrogen atmospheres, there is only a one-sharp weight
loss stage for all the samples. Taking A2-modified epoxy resin composites as instance,
the onset decomposition temperature of 5% weight loss (75%) at a heating rate of 10
°C-min’! is 366, 363 and 365 °C for A2/(P%-0.75), A2/(P%-1.00) and A2/(P%-1.50),

respectively, significantly lower than that (377.79 °C) of epoxy resin. The decreasing
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trend of 75% can be attributed to the fact that the O—P-O bond in Ax-modified epoxy
resin is more active than common C-C bond, which is also suggested to form
phosphorus-containing radical stabilizers by the quenching mechanism in combustion.
Additionally, Ax-modified epoxy resin composites show slower weight loss rate than that
of neat epoxy resin. It is noteworthy that higher char yield can be obtained accompany
with the addition of Ax, as charring layer plays a very important role in the performance

of flame retardancy.

Epoxy Resin

Exo
[S—y
()]

L

AL | —AUP%-075)  Soo] =
&0 - - -Al/(P%-1.00) E | R
E 1.0 ------ AU(P%-1.50) Zo2f=== e
Z | — A2P%-075) 5 [Tl By
> - = = A2/(P%-1.00) =-0.4 R R R T ]
S 0.5 A2/(P%-1.50) % M
N’ —— A3/(P%-0.75) T-06 |

! 9 120 150 180 210
- — ~A3/(P%-1.00) Temperature (“C)

{eeeees AYPRLS e ooeccamnimennanees

=
o

1
-
Ln

1

i

Heat flow

90 120 150 1 §0 210
Temperature ("C)
Fig. 4-6 DTA curves of flame retardants-series A (inset flame retardant A2) modified

epoxy resin composites measured at a heating rate of 10 °C/min.

Fig. 4-6 shows DTA thermograms of epoxy resin and Ax-modified epoxy resin
composites. Obtained from that, 7gs are summarized in Tab. 4-1. It is expected that all
Ax-modified epoxy reisn composites show a high-7;, indicating an excellent thermal
stability. Moreover, Tgs of all Ax/(P%-Y) epoxy resin composites with different flame
retardant amount show a slight change to each other. Taking A2-modified epoxy resin
composites as instance, Tgs of all the A2/(P%-Y) epoxy resin composites show just a

slight change to each other of 137 to 143 °C, while, lower than that (160 °C) of neat
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epoxy resin, which can be attributed to the poor chemical combination.

(2) The thermal stability of Bx-modified epoxy resin composites
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Fig. 4-7 TGA curves of flame retardants-series B modified epoxy resin composites

measured at a heating rate of 10 °C/min.

The TGA curves of epoxy resin and flame retardants-series B modified epoxy resin
composites under nitrogen are respectively shown in Fig. 4-7, and the analysis results are
also summarized in Tab. 4-1. Under nitrogen atmospheres, there is only a one-sharp
weight loss stage for all the samples. The decreasing trend of 75% also can be attributed to
the fact that the O=P-O bond in Bx is more active than common C—C bond, which is
suggested to form phosphorus-containing radical stabilizers by the quenching mechanism
in combustion. Flame retardant Bx-modified epoxy resin composites show slower weight
loss rate than that of neat epoxy resin. As charring layer plays a very important role in
the performance of flame retardancy, higher char yield obtained accompany with the
addition of Bx, indicating high flame retardancy with the addition of flame

retardants-series B.
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Fig. 4-8 DTA curves of flame retardants-series B (inset flame retardant B1) modified

epoxy resin composites measured at a heating rate of 10 °C/min.

Fig. 4-8 shows DTA thermograms of epoxy resin and flame retardants-series
B-modified epoxy resin composites. Obtained from that, 7gs of Bx-modified epoxy
resin composites are summarized in Tab. 4-1. It is expected that all Bx-modified epoxy
resin composites show a high-T7;, indicating an excellent thermal stability. Moreover,
Tes of all Bx/(P%-Y) epoxy resin composites with different flame retardant amount
show a slight change to each other. Taking Bl-modified epoxy resin composites as
instance, Tgs of all the B1/(P%-Y) epoxy resin composites show just a slight change to
each other of 143 to 154 °C, while, lower than that (160 °C) of neat epoxy resin, which
also can be attributed to the poor chemical combination of Bx with epoxy resin.

(3) The thermal stability of Cx-modified epoxy resin nanocomposites

The thermal stability of pure-epoxy resin and flame retardants-series C modified

epoxy resin nanocomposites were investigated by TGA under nitrogen atmospheres at a

heating rate of 10 °C-min™'. Fig. 4-9 shows the TGA curves of the thermal decomposition
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process. For all the samples, there is only a one-sharp weight loss stage. Taking flame
retardant Cl-modified epoxy resin composites as instance, the onset decomposition
temperatures of 5% weight loss (75%s) are 352.8, 350.1 and 347.1 °C for
C1/AlP1/(P%-0.75), C1/AIP1/(P%-1.00) and C1/AIP1/(P%-1.50), respectively, which are
significantly lower than that of pure-epoxy resin. In previous work, the decreasing trend
of Ts% for DOPO-containing flame retardant epoxy resin composites have been explained

that the O=P—O bond in is more active than common C—C bond [23].
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Fig. 4-9 TGA curves of flame retardants-series C modified epoxy resin composites

measured at a heating rate of 10 °C/min.

In this work, Cx/AlIPi/(P%-Y) nanocomposites show lower values of 75 to that of
AIPi/(P%-Y) composites, probably resulting from aluminum-phosphorus synergistic
effect. The anti-fractured O=P—O bond may result in forming phosphorus-containing
radical stabilizers by the quenching mechanism in combustion. Additionally, flame
retardants-series C modified epoxy resin nanocomposites show slower weight loss rate
than that of pure epoxy resin. It is noteworthy that higher char yield can be obtained with

simultaneously adding AlPi and Cx, as charring layer plays a very important role in the
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performance of flame retardancy.
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Fig. 4-10 DTA curves of flame retardants-series C (inset flame retardant C1) modified

epoxy resin composites measured at a heating rate of 10 °C/min.

Fig. 4-10 shows DTA thermograms of pure-epoxy resin and Cx/AIPi/(P%-Y) epoxy
resin nanocomposites. Obtained from that, values of 7y obtained from Fig. 4-10 are
summarized in Tab. 4-1. Taking C3/AlPi/(P%-Y) nanocomposites as instance, the value
of T increase to 166 °C with addition of 1 wt% Cx into epoxy resin matrix. It can be
explained by the fact that the addition of functionalized MWCNTSs shows influence on
epoxy resin molecular chain configuration. Moreover, the values of Ty for
C3/AlP1/(P%-Y) nanocomposites show a slight increase from 166 to 174 °C with the
increasing of phosphorus amount, higher than that of neat epoxy resin (160 °C), which

can be attributed to the well chemical compatibility of Cx to epoxy resin.
4.3.3 Mechanical properties of Cx-modified epoxy resin nanocomposites

The notched impact strength and dynamic mechanical analysis (DMA) were taken to
evaluate the mechanical properties of Cx/AlPi/(P%-Y) (x=1, 2, 3 and Y=0.75, 1.00,

1.50) epoxy resin nanocomposites.
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(1) Izod notched impact strength of Cx-modified epoxy resin nanocomposites

The notched impact strengths were determined to evaluate the mechanical properties
of Cx- modified epoxy resin nanocomposites. Fig. 4-11 presents the changes in notched
impact strengths of these nanocomposites with 1 wt% of Cx and phosphorus content
varying from 0 wt%, 0.75wt%, 1.00 wt% to 1.50 wt%. Pure-epoxy resin showed a high
notched impact strength of 2.34 + 0.16 kJ-m™. It was obvious that notched impact
strength increased with phosphorus content of 0.75 wt%. However, the notched impact
strength slightly decreased when the phosphorus content is over 0.75 wt%. With the
addition of Cx into AIPi/Epoxy resin flame retardant system, the notched impact
strength slightly increased. Taking C3/AIPi/(P%-Y) nanocomposites as instance,
C3/AlPi/(P%-0.75), C3/AlPi/(P%-1.00) and C3/AIPi/(P%-1.50) nanocomposites showed
notched impact strengths of 2.90 + 0.22, 2.38 + 0.27, and 2.23 + 0.15 kJ'm?,

respectively.

n

—a— A|PVEpoxy resin

—e— C1/AIPi/Epoxy resin
—a— C2/AIPVEpoxy resin
—w— C3/AlIPi/Epoxy resin

e

5
1

[§9)
1

[e—
1

Impact strength (kJ/m”)

0.0 03 06 09 12 1.5
Phosphorus content (wt.%)
Fig. 4-11 Notched impact strength of AlPi- and flame retardants-series C-modified

€poxy resin nanocomposites.

To further investigate the relationships between the impact strengths and the amounts
of flame retardant Cx added, the fractographs from impact test specimens were studied.

The morphologies and distributions of flame retardants in epoxy resin matrix played an
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important role in mechanical properties as well as flame retardancy. It was obvious that
there were no clearly visible bulk aggregates of flame retardant Cx in all the
C3/AlPi1/(P%-Y) nanocomposites. This indicated good dipersibility of the
nano-structured flame retardant Cx in epoxy resin matrix.
(2) DMA of flame retardants-series C modified epoxy resin nanocomposites

The dynamic mechanical and thermogravimetric properties of flame retardants-series
C modified epoxy resin nanocomposites were also investigated. The storage modulus and
loss factors obtained from DMA tests are plotted in Fig. 4-12, and the data is presented in
Tab. 4-1. It was evident that the addition of different kinds of flame retardants, Cx, into
AlPi/Epoxy resin flame retardant system impacted the storage modulus. 7gs obtained
from loss modulus showed good agreement with DTA results. It is noteworthy that 7gs of
Cx/AlPi/(P%-Y) epoxy resin nanocomposites obtained from tan J values showed slight
variations, following the addition of Cx. This phenomenon for Cx-modified epoxy resin
nanocomposites could be attributed to the nano-core-shell structure of Cx, based on the

typical mechanical properties and thermal behaviors.
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Fig. 4-12 DMA thermograms of modified epoxy resin nanocomposites with flame

retardant of (a) AlPi, (b) C1/AIP1, (¢) C2/AlIPi and (d) C3/AlPi.
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4.4 Conclusions

Three types of DOPO-containing flame retardants, Ax (Series A: single molecules), Bx
(Series B: chain-like macromolecules) and Cx (Series C: Functionalizing MWCNTs),
were well dispersed into epoxy resin matrix with DDM as harder forming flame-retardant
epoxy resin composites. Flame retardancy tests indicated that Ax/Bx-modified epoxy
resin composites with phosphorus content of 0.75 wt% could reach UL 94 VO
flammability rating, with high LOI values. Meanwhile, Cx/AlIPi/(P%-Y) epoxy resin
nanocomposite with 1 wt% Cx and phosphorus content of 1.00 wt% can reach UL 94 VO
rating. Moreover, TGA results showed that all those flame retardant epoxy resin
composites produced high char yields. The mechanical properties of Cx-modified epoxy
resin nanocomposites deteriorated slightly with addition of Cx, with notched impact
strengths from 2.23 + 0.15 to 2.90 + 0.22 kJ-m™. Despite this, Cx/AlIPi/(P%-Y) epoxy
resin nanocomposites showed satisfactory mechanical properties for applications with

high storage modulus and 7&gs.
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Chapter 5 Flame Retardant PLA Composites:
Preparation, Non-Flammability, Thermal

Behaviors and Mechanical Properties

5.1 Introduction

Poly(lactic acid) (PLA) has been promoted to be one of the most widely used
biodegradable polymers in packaging engineering, biomedical fields, household and
automobile engineering, electricity industry and so on, because of their outstanding
properties and renewable resources (mainly starch and sugar) [1-5]. However, the need
for high level of thermal, mechanical and flame retardant properties greatly promotes the
research on PLA and its composites for further application and development [6]. The
above improvement of properties could be met by addition of nano-sized particles as well
as optimization of plastic processing [7-8].

It has been demonstrated that incorporation of small quantities of carbon nanotubes
(CNTs) can dramatically improve the thermal and mechanical properties of polymers
[9-11]. More importantly, great numbers of cases that CNTs served candidates as flame
retardants have been reported in recent years. Ma et al. [12] have covalently grafted an
intumescent flame retardant (PDSPB) onto the surfaces of multi-walled carbon nanotubes
(MWCNTs). And the threshold value at low loading (0.2 wt.%) of the resultant
MWCNT-PDSPB can form network structure in acrylonitrile-butadiene-styrene (ABS)
matrix, resulting in improving both the dispersion of MWCNTs and flame retardancy of
the composites. Many research groups have focused on the functionalized MWCNTs
with  various flame retardant, such as vinyltriethoxysilane (VTES),[13]
melamine/4,4’-diphenylether dicarboxylic acid, [14] S-valine amino acid, [15] graphitic
carbon nitride (g-CsNa), [16] y-aminopropyltriethoxysilane (APTES), [17] which all
show excellent flame retardancy. It has been proven that the addition of flame retardant

functionalized MWCNTs is a very effective way to impart good flame retardancy and
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mechanical properties to nanocomposites as a result of well dispersion of functionalized
MWCNTs, since the dispersion of MWCNTs in polymer matrix is consider to be a key
point in the flame retardancy performance. Because functionalized MWCNTSs with
various organic, inorganic or organometallic structures using both non-covalent and
covalent approaches improve the compatibility with polymer, which makes them much
easier to disperse in polymer matrix [18-20]. In other words, the flame retardant grafted
onto MWCNTs plays an important role on the performance of functionalized MWCNTs.

9, 10-dihydro-9-oxa-10-phosphaphanthrene-10-oxide (DOPO) has been reported to be
an important strategy for preparing halogen-free flame retardants with high thermal
stability, good oxidation resistance as well as excellent flame retardancy [21-23].
Grafting DOPO unit onto the surface of MWCNTs is considered as a good idea to gain a
dramatically high flame retardant efficiency. Wang et al. [24] have reported that the
flammability and mechanical properties of poly(ethylene-co-vinyl acetate) (EVM)
composites were improved after the incorporation of 1.0 phr flame retardant spirocyclic
pentaerythritol bisphosphorate disphosphorylchloride/9,10-dihydro-9-oxa-10-phosphap-

hanthrene-10-oxide/vinylmethyl dimethoxysilane (SPDV) grafted MWCNTs. Yu et al.
[25] have grafted DOPO-CH20H on the surfaces of MWCNTs (MWCNT-DOPOs) to
improve the flame retardancy of ramie/PLA composite with UL 94 V-0 class and LOI
value of 26.4 when the content of MWCNT-DOPOs and ramie was 5 wt.% and 10 wt.%,
respectively. However, there are still some problems with the insolubility and tending to
aggregate as well as cost limit the manipulation and processing of higher quantities
functionalized MWCNTs in polymer matrix [26]. In most cases, the addition of small
quantities of functionalized MWCNTs, usually less than 1 wt.%, can dramatically
improve the thermal and mechanical properties of polymers, but still fails to pass the
traditional flame retardancy such as UL 94 tests [27-30]. Currently, a great interest is
focusing on the synergistically flame retarding effect of novel flame retardant with
traditional metal (aluminum, magnesium and calcium, etc.) hydroxide [30-32]. So it is

desirable to use this synergistic approach to obtain novel flame retardant PLA systems
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with small quantities of functionalized MWCNTs and high flame retardant efficient

aluminum hypophosphite (AHP), presenting high performance.
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Fig. 5-1 Preparation and performance-evaluation of flame retardant PLA composites.

In the present study, three types of DOPO-containing flame retardants, Ax (Series A:

single molecules), Bx (Series B: chain-like macromolecules) and Cx (Series C:

Functionalizing MWCNTs), were well dispersed into PLA matrix by melt blending

through twin-screw extruder and injection-molding process. Such flame retardant PLA

composites showed high performance that: meeting UL 94 V-0 flammability rating;

high LOI values; high Tg; excellent mechanical properties. The preparation and

performance-evaluation of flame retardant PLA composites in this work are shown in Fig.

5-1.

5.2 Experimental

5.2.1 Materials

Flame retardant Ax, Bx and Cx were synthesized following Chapter 3. Aluminum
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hypophosphite (AHP, the average particle size was about 300 nm) was purchased from
Clariant Chemicals Ltd., Germany. Polylactic acid (PLA) (NatureWorks Ingeo 3001D)
was provided by NatureWorks LLC., America. PLA and all its fillers were dried at 80 °C

for 12 h in a vacuum oven before twin-screw extruder process.

5.2.2 Preparation of PLA-based conductive composites

Twin-screw extruder was used for prior mixing of flame retardant Ax, Bx or Cx and
PLA. The extruding temperatures were: C1, 180 °C; C2, 180 °C; C3 and C4, 170 °C. The
injection molding machine was used to form the mixture plates into dumbbell (30 mm x 5
mm x 2 mm). The injection temperature was 180 °C, molding temperature was 50 °C, and
the injection rate was 17.6 mm/s.

The Underwriter Laboratories 94 vertical tests (UL-94) were performed according to
[EC 60695-11-10:1999 using a horizontal and vertical burning instrument (FZ-5401,
Dongguan Hanyang electronic instrument Co., Ltd, China). The LOI test was performed
according to the testing procedure of ISO 4589-2:1996 with the dimensions 80 x 6 x 3
mm? of each sample. Thermal gravimetric analyses (TGA) of samples were carried out
with Shimadzu DTG-60/60H from 30 °C to 600 °C at heating rates of 10 °C-min’!,
whereas the flow of nitrogen was maintained at 50 mL-min!. Differential thermal
analyses (DTA) were taken with the same instrument from 30 °C to 200 °C at heating
rates of 5 °C-min"!. The scanning electron microscope (SEM) observation was performed
on a Hitachi S-4300 scanning electron microscope in high vacuum mode with 5 kV
acceleration voltage. Dynamic mechanical analysis (DMA) was performed by using a TA
Instrument RSA-G2 with a sample size of 20 x5 x 2 mm® by 3-Point Bending mode with
an amplitude of 30 um. The storage modulus E’ and tan J were determined as the sample
was subjected to the temperature scan mode at a programmed heating rate of 3 °C-min’!
and a frequency of 1 Hz. Tensile tests of the composites were carried out on a universal
testing machine (Instron Ltd Series 3360) according to JIS K7113 with a crosshead

displacement rate of 10 mm-min™! at 23 + 1 °C.
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5.2.3 Preparation of Ax- or Bx-modified PLA composites
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Fig. 5-2 Preparation of flame retardants-series A- or B-based PLA composites.

The flame retardants-series A- or B-modified PLA composites with filler-content of 10
wt%, 20 wt%, 30 wt% and 40 wt% labeled as shown in Tab. 4-1, were prepared by
twin-screw extruder (KZW15TW-30MG-NH(-700)-AKTP, Technovel Corporation Co.,
Ltd., Osaka, Japan) at 180 °C with screw revolving speed 100rpm and coil-feeder
revolving speed 22rpm. The modified PLA composites were prepared as specimens using
injection molding machine (NP7-1F, Nissei Plastic Industrial Co., Ltd., Nagano, Japan) at
180°C with mold temperature 30°C, cooling time 30s, and injection rate 18 mm/s (Fig.

5-2).
5.2.4 Preparation of Cx-based PLA nanocomposites

Master batch method was adopted to prepare the PC-z/(Cx/AHP-Y) (x=1, 2, 3 and
denotes the ID of flame retardants-series C; Y = 10%, 20%, 30%, 40% and denotes the
weight percentage content of Cx and AHP; z=1-12 and denotes the ID of nanocomposites)
nanocomposites. As shown in Fig. 5-3, firstly, the master batches were prepared by
mixing 95 wt% PLA and 5 wt% Cx wusing a twin-screw extruder
(KZW15TW-30MG-NH(-700)-AKTP, Technovel Corporation Co., Ltd., Osaka, Japan)
at 180 °C with a screw revolving speed of 100 rpm and a coil-feeder revolving speed of

20 rpm. Secondly, the master batches, AHP and PLA were mixed using the same extruder
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and operated at the same conditions. The nanocomposites consisted of 1 wt.% Cx and
various content of AHP with 0 wt.%, 14 wt.%, 19 wt.%, 24 wt.%, were labeled as shown
in Tab. 5-2. In order to compare their integrated properties, AHP/PLA composites with
AHP-content of 15 wt.%, 20 wt.%, 25 wt.% were also prepared under the same
conditions, which were labeled as PC-1/(AHP-15%), PC-2/(AHP-20%) and
PC-3/(AHP-25%), respectively. The modified PLA nanocomposites were injected into
specimens using injection molding machine (NP7-1F, Nissei Plastic Industrial Co., Ltd.,
Nagano, Japan) at 180 "C with mold temperature of 40 °C, cooling time of 30s, and

injection rate of 18 mm/s.
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Fig. 5-3 Preparation of flame retardants series C-based PLA nanocomposites.

5.3 Results and discussion

5.3.1 Non-flammability and residual char analysis

In this work, the flame retardancy of flame retardants-series A (or series B, series

C)-modified PLA composites were evaluates by Underwriter Laboratories 94 vertical
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tests (UL 94) and LOI test. To further understand the process for char formation of flame
retardant PLA composites and learn more about the mechanism of their flame retardancy,
the morphologies of the residual chars collected from the vertical burning tests were
investigated by SEM

(1) Non-flammability

For flame retardants-series A modified PLA composites, the LOI values and UL—94
vertical burning grades of PA-z/(Ax-Y) (x=1, 2, 3 and denotes the ID of flame
retardants-series A; Y = 10%, 20%, 30%, 40% and denotes the weight percentage content
of Ax; z=1-12 and denotes the ID of PLA composites), are summarized in Tab.4-1. The
LOI values of PA-z/(Ax-30%) (x=1, 2, 3 and z=3, 7, 11) are 36.0, 36.0 and 35.5,
respectively. All those three PLA composites with flame retardant content of 30 wt%
arrive UL-94 V-0 grade. The LOI values of those flame retardants-series A modified
PLA composites increase with the addition of Ax (x=1, 2, 3) increasing, which may
result from nitrogen-phosphorus synergistic effect. Take flame retardant A1l as instance,
further assessment of the flammability of the PA-z/(A1-Y) (Y=10%, 20%, 30%, 40%
and z= 1, 2, 3, 4) PLA composites are provided in Tab. 4-1. When flame retardant Al is
added, the LOI value of PA-2/(A1-20%) composite is increased to 36.4, which can only
reach UL 94 V-1 rating. PA-3/(A1-30%) composite achieves a higher LOI value of 37.2
and the UL 94 V-0 rating.

For flame retardants-series B modified PLA composites, the flame-retardant
performance of the PB-z/(Bx-Y) (x=1, 2, 3 and denotes the ID of flame retardants-series
B; Y = 10%, 20%, 30%, 40% and denotes the weight percentage content of Ax; z=1-12
and denotes the ID of PLA composites) PLA composites have been investigated in terms
of UL—-94 vertical burning tests, and the results are also summarized in Tab. 4-1. It is
clear that UL 94 V-0 flammability rating can be reached for PB-z/(Bx-30%) (x=1, 2, 3
and z=3, 7, 11) PLA composites and meanwhile the LOI value reached over 36.9. The
flame retardancy of PB-z/(Bx-Y) PLA composites increase with the flame retardant Bx

content increasing. When flame retardant B3 is added, the LOI value of PB-9/(B3-10%)
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composite is 35.2, which can reach UL 94 V-2 rating. PB-10/(B3-20%) composite
increase to a higher LOI value of 36.5 and the UL 94 V-0 rating. According to the
above results, a significant improvement of the flame retardancy for those Bx-modified

PLA composites by well dispersion of Bx into PLA matrix.

Tab. 5-1 Thermal properties and flame retardancy of Ax-/Bx-modified PLA composites.

. Flame Ts T Char UL-94
Series Thermoset ID b . LOI

retardan ie rade

tardant (°C)* (°C)* Yield® grad
PA-1/(A1-10%) 582 625 4.1 V-2 33.0
Al PA-2/(A1-20%) 65.8 64.1 82 V-1 35.5
PA-3/(A1-30%) 66.1 653 11.3 V-0 36.0
PA-4/(A1-40%) 66.7 65.0 11.1 V-0 36.5
PA-5/(A2-10%) 66.5 612 3.9 V-2 33.5
A AD PA-6/(A2-20%) 663 644 6.1 V-2 35.0
PA-7/(A2-30%) 65.6 653 95 V-0 36.0
PA-8/(A2-40%) 65.1 65.0 17.7 V-0 37.5
PA-9/(A3-10%) 66.2 63.1 4.0 V-2 33.0
A3 PA-10/(A3-20%) 634 632 7.5 V-1 35.0
PA-11/(A3-30%) 632 632 172 V-0 35.5
PA-12/(A3-40%) 613 629 163 V-0 37.0
PB-1/(B1-10%) 589 639 4.1 V-2 35.2
Bl PB-2/(B1-20%) 62.0 635 6.8 V-1 36.8
PB-3/(B1-30%) 629 64.1 14.8 V-0 37.2
PB-4/(B1-40%) 619 634 174 V-0 38.5
PB-5/(B2-10%) 61.5 642 8.1 V-2 34.5
B B2 PB-6/(B2-20%) 60.6 633 8.8 V-2 35.2
PB-7/(B2-30%) 61.6 64.0 13.5 V-0 36.9
PB-8/(B2-40%) 62.2 64.1 193 V-0 38.6
PB-9/(B3-10%) 581 63.8 7.2 V-2 35.2
B3 PB-10/(B3-20%) 604 634 18.2 V-0 36.5

PB-11/(B3-30%) 59.2 635 16.8 V-0 37.2
PB-12/(B3-40%) 59.5 642 16.6 V-0 37.8
® Measured by DTA.
®Measured by DMA (Tan delta).
¢Residual weight percentage at 600 °C.

For flame retardants-series C modified PLA nanocomposites, the flammability of
PC-z/(Cx/AHP-Y) nanocomposites with Cx content of 1 wt% have been investigated by
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UL 94 vertical burning tests and LOI! tests. As shown in Tab. 4-2, the addition of Cx to
AHP/PLA flame retardant system can markedly increase the LOI values. It is expected
that the flame retardancy of these PLA nanocomposites become better with the presence
of 1 wt.% Cx. As expected, the LOI values increase greatly for those nanocomposites
with only 1 wt. % Cx loading, demonstrating that the flame retardancy improved with
the addition of Cx. More importantly, PC-z/(Cx/AHP-15%) nanocomposites with 1
wt.% Cx can achieve UL 94 V-0 rating, which can be attribute to the excellent char
formation-promoting properties of nano-structured Cx. It could be concluded that the
incorporation of 1 wt.% Cx into the flame retardant AHP/PLA systems is very effective
for the enhancement of flame retardancy and makes those flame retardants series C

modified-PLA nanocomposites becoming nonflammable functional polymers.

Tab. 5-2 Thermal properties and flame-retardancy of Cx-modified PLA nanocomposites.

Series Cx-wt% AHP Thermoset ID T Te  Char UL-94
wit% (°C)* (°C)® Yield® grade

15 PC-1/(AHP-15%) 56.6 65.1 7.04 V2 275

-- 20 PC-2/(AHP-20%) 57.6  65.0 1550 V-0 288

25 PC-3/(AHP-25%) 56.8 64.8 18.69 V-0 292

14 PC-4/(CI/AHP-15%) 582 65.5 13.51 V-0 27.8
C1-1% 19 PC-5/(C1/AHP-20%) 572 652 14.12 V-0 30.2
24 PC-6/(C1/AHP-25%) 588 65.1 20.16 V-0 31.5
14 PC-7/(C2/AHP-15%) 583 643 13.57 V-0 282
C2-1% 19 PC-8/(C2/AHP-20%) 584 64.8 1542 V-0 30.6
24 PC-9/(C2/AHP-25%) 59.1 64.8 20.62 V-0 31.8
14 PC-10/(C3/AHP-15%) 57.8 64.8 1421 V-0 28.6
C3-1% 19 PC-11/(C3/AHP-20%) 579 642 2025 V-0 30.5
24 PC-12/(C3/AHP-25%) 583 64.2 2290 V-0 323

® Measured by DTA.
®Measured by DMA (Tan delta).
¢Residual weight percentage at 600 °C.
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(2) Residual char analysis

It has been observed that the physical structure of the charring layer plays a very
important role in preventing of heat transfer, flame spreading and droplet generation
during combustion [33-36]. To further understand the process for char formation of
Cx-modified flame retardant PLA nanocomposites and learn more about the mechanism
of their flame retardancy, the morphologies of the residual chars collected from the
vertical burning tests were investigated by SEM. The results are shown in Tab. 4-3. All
these residual chars exhibit a non-smooth carbonaceous charring layer with uneven
distributing irregular-shaped pores. According to high magnification photo of each
samples, the chars show an oolitc structure indicating a typical morphology after the
intumescent char formation. Moreover, loose expansion surface adhering with some
irregular-shaped and multiporous particles can be observed, which may be resulted from
the gas-products degraded from AHP and Cx during combustion. Such gas-generating
process provide nonflammable gas as well as quenching effective phosphorus free
radical to impede combustion according to the vapor phase mechanism and free radical
quenching mechanism.’! Furthermore, the special oolitc structure indicates char
formation enhancing properties of Cx, resulting in better flame retardancy which is in a

good agreement with the results of the LOI and UL 94 vertical burning tests.

5.3.2 The thermal stability of PLA composites

In this part, the thermal stability of flame retardant PLA composites were investigated
by TGA and DTA under nitrogen atmospheres at a heating rate of 10 °C-min'.
(1) The thermal stability of Ax-modified PLA composites

Fig. 5-4 shows the TGA curves of the thermal decomposition processes of pure PLA
and PA-z/(Ax-Y) PLA composites. All the samples showed only a single-sharp weight
loss stage. The onset of decomposition temperature, at which 5% weight loss (75%s)
occurred, decreased with increasing amount of the flame retardant Ax. This was

significantly lower (334.29 °C) than that of pure PLA. The decreasing trend of 75%
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could be attributed to the fact that the O—P—C bond in DOPO moieties was more active
than the common C-C bond. This suggested that phosphorus-containing radical
stabilizers were formed by quenching mechanism during combustion. It had been
reported that, during combustion, DOPO mainly acted in gas phase as it could vaporize
into the gas phase, to yield active radicals, such as PO2 -, PO- and HPO-. These radicals
acted as scavengers of H- and OH: radicals and thus resulted in suppression of the
combustion process [37]. Additionally, PA-z/(Ax-Y) PLA composites showed weight
losses at a slower rate following an increase in Ax-content. It is noteworthy that a higher
char yield could be obtained, accompanied by an increase in content of the flame
retardant Ax. This was due to the fact that the charring layer played a very important
role in flame retardancy (inset Fig. 5-4). Moreover, it could be seen in Fig.5-4d that
PA-z/(A3-Y) composites had slightly different onset decomposition temperatures
compared to that of composites with flame retardant A1 or A2, with higher 75%s values

and slower rates of weight loss.
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Fig. 5-4 TGA curves of (a) pure-PLA and flame retardants-series A ((b) Al; (c) A2; (d)

A3) modified PLA composites measured at a heating rate of 10 °C/min.
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Fig. 5-5 shows DTA curves of Ax-modified PLA composites. Values of 7gs, obtained
from the thermograms are presented in Fig. 5-5(d) and Tab.4-1. It was expected that 7¢s
values of all PA-z/(Ax-Y) PLA composites containing the same flame retardant differed
slightly from each other. The decrease of Tgs for PA-z/(A3-Y) PLA composites could be
attributed to the poor chemical compatibility of A3, due to the rigidity of sulfonyl group

(=SO2-) in its structure.
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Fig. 5-5 DTA curves of flame retardants-series A ((a) Al; (b) A2; (c) A3) modified PLA

composites and (d) T of those PLA composites.

(2) The thermal stability of Bx-modified PLA composites

The TGA curves of neat-PLA and flame retardants-series B modified PLA composites
under nitrogen are respectively shown in Fig. 5-6, and the analysis results are also
summarized in Tab. 4-1. Under nitrogen atmospheres, there is only a one-sharp weight
loss stage for all the samples. The decreasing trend of 75% also can be attributed to the

fact that the O=P-0O bond in Bx is more active than common C-C bond, which is
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suggested to form phosphorus-containing radical stabilizers by the quenching mechanism
in combustion. Flame retardant Bx-modified PLA composites show slower weight loss
rate than that of neat PLA. As charring layer plays a very important role in the
performance of flame retardancy, higher char yield obtained accompany with the

addition of Bx, indicating high flame retardancy with the addition of flame

retardants-series B.
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Fig. 5-6 TGA curves of flame retardants-series B ((a) B1; (b) B2; (¢) B3) modified PLA

composites and (d) char yield of those PLA composites.

Fig. 5-7 shows DTA thermograms of PLA and flame retardants-series B-modified
PLA composites. Obtained from that, 7,s of Bx-modified PLA composites are
summarized in Fig. 5-7(d) and Tab. 4-1. As expected, all Bx-modified PLA composites
show high-Tg, indicating an excellent thermal stability. Moreover, 7gs of all PB-z/(Bx-Y)
PLA composites with different flame retardant amount show a slight change to each

other. Taking B1-modified PLA composites as instance, 7gs of all the PB-z/(B1-Y) PLA
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composites show just a slight change to each other of 63.4 to 64.1 °C.
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Fig. 5-7 DTA curves of flame retardants-series B ((a) B1; (b) B2; (c) B3) modified PLA

composites and (d) 7, of those PLA composites.

(3) The thermal stability of Cx-modified PLA composites

The thermal stability of pure-PLA and flame retardants-series C modified PLA
nanocomposites were investigated by TGA under nitrogen atmospheres at a heating rate
of 10 °C-min’'. Fig. 5-8 shows the TGA curves of those flame retardant PLA
nanocomposites with the thermal decomposition process. For all the samples, there is
only a one-sharp weight loss stage. Taking flame retardant C3-modified PLA composites
as instance, the onset decomposition temperatures of 5% weight loss (75%s) are 309.64,
306.8, 304.1 and 304.04 °C for PC-10/(C3/AHP-15%), PC-11/(C3/AHP-20%) and
PC-12/(C3/AHP-25%), respectively, which are significantly lower than that of pure
PLA (318.4 °C). In previous work, the decreasing trend of 75% for DOPO-containing

flame retardant PLA composites have been explained that the O=P—O bond in is more
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active than common C—C bond [38]. In this work, PC-z/(Cx/AHP-Y) PLA

nanocomposites with the addition of 1 wt% Cx show lower values of 7s5% to that of

PC-z/(AHP-Y) composites, probably resulting from aluminum-phosphorus synergistic

effect. The anti-fractured O=P—O bond may result in forming phosphorus-containing

radical stabilizers by the quenching mechanism in combustion. Additionally, flame

retardants-series C modified PLA nanocomposites show slower weight loss rate than that

of pure PLA. It is noteworthy that higher char yield can be obtained with simultaneously

adding AHP and Cx, as charring layer plays a very important role in the performance of

flame retardancy.
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Fig. 5-8 TGA curves of (a) AHP and flame retardants-series C ((b) C1; (c¢) C2; (d) C3)

modified PLA composites measured at a heating rate of 10 °C/min.

Fig. 5-9 shows DTA thermograms of pure-PLA and PC-z/(Cx/AHP-Y) PLA

nanocomposites. Obtained from that, values of 7, obtained from Fig. 5-9 are

summarized in Tab. 5-2. Taking PC-z/(C3/AHP-Y) PLA nanocomposites as instance,
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the value of Ty increase to 60.9 °C with addition of 1 wt.% Cx into PLA matrix. It can
be explained by the fact that the addition of functionalized MWCNTs shows influence
on PLA molecular chain configuration. Moreover, the values of 7y for
PC-z/(C3/AHP-Y) nanocomposites show a slight increase from 57.8 to 58.3 °C with the
increasing of phosphorus amount, lower than that of neat PLA (64.1 °C), which can be

attributed to the poor chemical compatibility of AHP to PLA.
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Fig. 5-9 DTA curves of (a) AHP and flame retardants-series C ((b) C1; (c) C2; (d) C3)

modified PLA composites measured at a heating rate of 10 °C/min.

5.3.3 Mechanical properties of Cx-modified PLA nanocomposites

The tensile strength, notched impact strength and dynamic mechanical analysis
(DMA) were taken to evaluate the mechanical properties of PC-z/(Cx/AHP-Y) (x=1, 2,
3; Y=15%, 20%, 25%; z=1-12) PLA nanocomposites.

(1) Tensile strength of Cx-modified PLA nanocomposites

Fig. 5-10 presents the tensile strength of PC-z/(Cx/AHP-Y) PLA nanocomposites with
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the filler ratio changing from 0 to 25 wt. %.
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Fig. 5-10 Tensile strength and of AHP- and flame retardants-series C-modified PLA

nanocomposites.

For the smaller amounts (15 wt. %) of AHP added into PLA, the tensile strength do
not significantly decrease. Fig. 5-10 presents the tensile strength of PC-z/(Cx/AHP-Y)
PLA nanocomposites with the filler ratio changing from 0 to 25 wt. %. For the smaller
amounts (15 wt. %) of AHP added into PLA, the tensile strength do not significantly
decrease. However, with 25 wt.% of AHP adding, tensile strength and fracture strain
significantly decrease as shown in the black line of Fig. 5-10. It can be observed that
pure-PLA shows high tensile strength of 68.8 + 2.1 MPa and fracture strain of 5.9%.
With 15 wt%, 20 wt% and 25 wt% AHP adding, the tensile strength reduces to 56.3 +
3.6 MPa, 48.6 £ 3.2 MPa and 46.7 £+ 3.4 MPa, respectively. It could be explained that
the chemical incompatibility and aggregation of AHP cause stress concentrators, leading
to the reduction in mechanical properties of AHP/PLA composites. When 1 wt.% Cx are

incorporated, the tensile strengths of the nanocomposite slightly increase comparing
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with those PC-z/(AHP-Y) composites. Taking C3 as instance, with the addition of 1
wt% C3, the tensile strengths of the PC-z/(C3/AHP-Y) PLA nanocomposites slightly
increase to 69.5, 56.6, 50.9 and 48.4 MPa comparing with those PC-z/(AHP-Y)
composites (68.8, 56.3, 48.6 and 46.7 Mpa). The improved tensile strength should be
attributed to the better dispersion of AHP which was improved by three-dimensional
networked Cx in the nanocomposites. Furthermore, the addition of 1 wt.% Cx gives rise
to significant optimization in fracture strain of AHP/PLA composites, presenting better
plastic deformation abilities.

(2) 1zod notched impact strength of Cx-modified PLA nanocomposites
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Fig. 5-11 Notched impact strength of AHP- and flame retardants-series C-modified PLA

nanocomposites.

Fig. 5-11 presents the changes in notched impact strengths of these nanocomposites
with 1 wt% of Cx and filler content varying from 0 wt%, 15wt%, 20wt% to 25 wt%.
Pure-PLA showed a high notched impact strength of 2.35 + 0.17 kJ-m™. It was obvious

that notched impact strength increased with filler content of 15 wt%. However, the
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notched impact strength slightly decreased when the filler content is over 15 wt%. The
increasing trend can be explained by the fact that when AHP filled PLA composites
receive impact force, AHP will induce crazes in the matrix because of stress
concentration and will increase surface area to absorb the impact fracture energy.

With the addition of Cx into AHP/PLA flame retardant system, the notched impact
strength slightly increased. Cx in this system presents a three-dimensional
networked-structure and restricts flexible molecular chains of PLA matrix as well as
stress concentration of AHP, resulting a decrease of izod impact energy. As AHP-content
further increase, the impact energy decreases for these brittle reinforcing AHP/PLA
composites. While, functionalized MWCNTs introduced in this condition play a role in
hindering the propagation of the crack.

(3) DMA of flame retardants-series C modified PLA nanocomposites
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Fig.5-12 DMA thermograms of modified PLA nanocomposites with flame retardant of (a)

AHP, (b) C1/AHP, (c) C2/AHP and (d) C3/AHP.

The dynamic mechanical and thermogravimetric properties of flame retardants-series
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C modified PLA nanocomposites were also investigated. The storage modulus and loss
factors obtained from DMA tests are plotted in Fig. 5-12, and the data is presented in Tab.
4-2. It was evident that the addition of different kinds of flame retardants, Cx, into
AHP/PLA flame retardant system impacted the storage modulus. 7,s obtained from loss
modulus showed good agreement with DTA results. It is noteworthy that 7gs of
PC-z/(Cx/AHP-Y) PLA nanocomposites obtained from tan ¢ values showed slight
variations, following the addition of 1 wt% Cx. This phenomenon for Cx-modified PLA
nanocomposites could be attributed to the nano-core-shell structure of Cx, according to

the typical mechanical properties and thermal behaviors.

5.4 Conclusions

Three types of DOPO-containing flame retardants, Ax, Bx and Cx, were well dispersed
into PLA matrix forming flame-retardant PLA composites. Flame retardancy tests
indicated that Ax/Bx-modified PLA composites with Ax or Bx content of 30 wt% could
reach UL 94 V-0 flammability rating, with high LOI values. Meanwhile, the LOI values
increase greatly for those PC-z/(Cx/AHP-Y) nanocomposites with only 1 wt. % Cx
loading, demonstrating that the flame retardancy improved with the addition of Cx. More
importantly, PC-z/(Cx/AHP-15%) nanocomposites with 1 wt.% Cx can achieve UL 94
V-0 rating, which can be attribute to the excellent char formation-promoting properties of
nano-structured Cx. Moreover, TGA results showed that all those flame retardant PLA
composites produced high char yields. The mechanical properties of Cx-modified PLA
nanocomposites deteriorated slightly with addition of Cx, with tensile strengths from 46.7
+ 34 to 563 + 3.6 MPa. It is noteworthy that 7zs of PC-z/(Cx/AHP-Y) PLA
nanocomposites obtained from tan J values showed slight variations, following the
addition of 1 wt% Cx. This phenomenon for Cx-modified PLA nanocomposites could be
attributed to the nano-core-shell structure of Cx, according to the typical mechanical

properties and thermal behaviors.
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Chapter 6 Cold Rolling Process for Flame
Retardant PLA Nanocomposites

6.1 Introduction

In chapter 5, the mechanical properties of flame retardant PLA composites are usually
deteriorated with addition of flame retardant(s), due to the poor chemical compatibility
and dispersibility of flame retardant(s). In order to improve the mechanical properties
and ductility of such flame retardant PLA composites, and extend their industrial
applications, a cold rolling process was performed in this work.

Commonly, injection molding, extrusion molding, blow molding and rolling molding
are available for composite preparation. Besides, it is well known that microstructures
including crystalline structure, molecular orientation and crystallinity affect mechanical
properties of crystalline polymer. Some researchers have attempted to take advantage of
the molecular chain orientation of polymer during extending to improve the mechanical
properties of degradable polymer through various molding processes [1-5]. Besides,
many researchers have reported that the plastic processing can achieve good mechanical
properties, such as die-drawing [6], roller drawing [7], tensile drawing [8], equal channel
angular extrusion [9], hydrostatic extrusion [10] and rolling process [11]. In particular,
the rolling process can achieve high molecular orientation for polymers while preventing
the generation of voids during processing, which has been reported by Nakayama et al.
[12]. Therefore, the rolling process has been extensively employed for producing
polymers with good properties, such as polyethylene (PE) [13], polyoxymethylene (POM)
[14], polypropylene (PP) [15] and others. Both Qiu et al. [16] and Murata et al. [17]
investigated the changes of morphologies and mechanical properties in the molded
polymers. During the plastic processing, a multilayer structure was formed because of the
different cooling process on the surface as well as in the inner part [18]. Moreover, the

crystallinity was decreased and the molecular orientation was increased by the rolling
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process as observed with micro Fourier transform infrared (FT-IR) spectroscope [19].
They obtained the internal structure information in the whole cross section of polymer
and accurately assessed the change of PP microstructure via the rolling process. However,
to the best of our knowledge, there is no research work to study on the effect of
crystallinity and orientation on microstructures (i.e. crystal morphology, crystallinity and
molecular orientation) and mechanical properties of PLA produced by cold rolling
process. Therefore, it is essential to know whether or not the rolling process will change
the microstructure of PLA, which is a key for the improvement of the mechanical
properties of PLA, especially its ductility.

To improve the ductility of flame retardant PLA and extend its industrial applications,
we first introduce rolling process into the flame retardant system to ease the deterioration

of mechanical properties by adding flame retardant(s).
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Fig. 6-1 Cold rolling process and performance-evaluation of flame retardant PLA

nanocomposites.
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6.2 Experimental

6.2.1 Materials

Flame retardant PC-z/(Cx/AHP-Y) (x=1, 2, 3 and denotes the ID of flame
retardants-series C; Y = 10%, 20%, 30%, 40% and denotes the weight percentage content
of Cx and AHP; z=1-12 and denotes the ID of nanocomposites) PLA nanocomposites

were prepared following Chapter 5.
6.2.2 Instruments and Measurements

The rolling process was performed with different rolling ratios (0%, 10%, 30%, 50%
and 70%) to evaluate the effect of the rolling ratio on the properties and morphology of
PC-z/(Cx/AHP-Y) nanocomposites. The rolling process was carried out by a rolling
machine (TKE-0; Imoto Machinery Co., Ltd., Tokyo, Japan) at room temperature (23 + 2
°C) with a rotation speed of 3 m-min! (Fig. 6-2). The rolling direction was matched to the
extrusion direction and the effective width and diameter of each roller were 150 mm and
100 mm, respectively. The rolling ratio & was calculated by equation 6-1:

&= (Ho—Hi)/Ho x 100% (6-1)

Where Ho is the initial thickness of the specimen, and H; is the thickness of the rolled

specimen, as shown in Fig 6-2.

LG EPFS S LESOE

Fig. 6-2 Cold rolling machine and cold rolling process with different rolling ratios (0%,

10%, 30%, 50% and 70%).
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6.2.3 Instruments and measurements

Tensile tests of the composites were carried out on a universal testing machine (Instron

Ltd Series 3360) according to JIS K7113 with a crosshead displacement rate of 10

mm-min™' at 23 £ 1 °C. IR thermal imaging (FLIR-SC-620, FLIR Systems, USA) were

used for sensing in the tensile test. The scanning electron microscope (SEM) observation

was performed on a Hitachi S-4300 scanning electron microscope in high vacuum mode

with 5 kV acceleration voltage. Dynamic mechanical analysis (DMA) was performed by

using a TA Instrument RSA-G2 by 3-Point Bending mode with an amplitude of 10 um.

6.3 Results and discussion

6.3.1 Effect of rolling ratio on tensile properties
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Fig. 6-3 Tensile strength of (a) AHP and flame retardants-series ((b) C1, (c) C2, (d) C3)

modified PLA composites with different rolling ratios (0%, 10%, 30%, 50% and 70%).
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In order to investigate the effect of rolling ratio on the tensile properties, the tensile
properties of (a) AHP- and flame retardants-series ((b) C1, (¢) C2, (d) C3)-modified
flame retardant PLA nanocomposites with different rolling ratios (0%, 10%, 30%, 50%
and 70%) were measured as displayed in Fig. 6-3 and Fig. 6-4. It can be seen from Fig.
6-3 that the tensile strength of flame retardant PLA nanocomposites decrease with the
filler ratio increasing from 0 to 25 wt. %. Especially, with 25 wt.% of flame retardant(s)
adding, tensile strength and fracture strain significantly decrease as shown in the
magenta line of Fig. 6-3 and 6-4. It can be observed that pure-PLA shows high tensile
strength of 68.8 = 2.1 MPa and fracture strain of 5.9%. With 15 wt%, 20 wt% and 25
wt% AHP adding, the tensile strength reduces to 56.3 + 3.6 MPa, 48.6 = 3.2 MPa and
46.7 £ 3.4 MPa, respectively. It could be explained that the chemical incompatibility
and aggregation of AHP cause stress concentrators, leading to the reduction in
mechanical properties of AHP/PLA composites. However, after cold rolling process
with rolling ratio of 70%, their tensile strength increased to be 65.2 £ 7.8 MPa, 60.0 +
7.2 MPa and 57.2+ 6.9 MPa, respectively. The tensile strength was significantly
enhanced by the rolling process. When 1 wt.% Cx are incorporated, the tensile strengths
of the nanocomposite slightly increase comparing with those PC-z/(AHP-Y) composites.
The improved tensile strength should be attributed to the better dispersion of AHP
which was improved by three-dimensional networked Cx in the nanocomposites.
Furthermore, the addition of 1 wt.% Cx gives rise to significant optimization in fracture
strain of AHP/PLA composites, presenting better plastic deformation abilities.
Meanwhile, after rolling-processing, the tensile strength was significantly enhanced after
cold rolling process. Moreover, compared the tensile strength of 1 wt% Cx-modified PLA
nanocomposite under cold rolling process with that of unrolled one, it shows an increase
trend, indicating the mechanical-improvement properties by cold rolling process. It was
proven that the cold rolling process could greatly improve the mechanical properties of
the low adding Cx modified PLA nanocomposites. Furthermore, the specimens of

PC-z/(Cx/AHP-Y) nanocomposites with different fillers amount (0, 15, 20, 25 wt%) at

133



rolling ratios of 0%, 10%, 30%, 50% and 70% had also been investigated by tensile tests.

All the samples show better mechanical properties compared to the unrolled ones,

presenting an even plastic deformation.
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Fig. 6-4 Fracture strain of (a) AHP and flame retardants-series ((b) C1, (c¢) C2, (d) C3)

modified PLA composites with different rolling ratios (0%, 10%, 30%, 50% and 70%).

Furthermore, Fig. 6-4 show francture strain of the flame retardant PLA
nanocomposites with different rolling ratio of 0%, 10%, 30%, 50% and 70%. It can be
concluded from Fig. 6-4 that the francture strain of those flame retardant nanocomposites
was increased following with the rolling ratio increasing. With addition of 1 wt.% Cx,
when the rolling ratio increased from 0% to 70%, the francture strain was increased
greatly than that of AHP-modified PLA composites. The fracture strain of the
PC-z/(Cx/AHP-15%) nanocomposites with 1 wt.% Cx and fillers content of 15 wt% was
sharply increased to 120% under the 70% rolling ratio. The fracture strain was increased

greatly with the increase of the rolling ratio, which could be considered that the
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anisotropy of tensile properties of the flame retardant PLA nanocomposites resulted the

obvious difference in the tensile properties.

6.3.2 Mechanism of tensile-reinforcing properties with cold rolling process
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Fig. 6-5 (a) Tensile strength and (b) fracture strain of AHP- and C3-modified PLA at

rolling ratio of 0%, 30% and 50%.

In our previous work, an appropriate rolling process was conducive for improving the
comprehensive mechanical properties of PLA with the increasing of both tensile strength
and fracture strain, indicating that PLA was homogenized during the rolling process [20].
To further improve the mechanical properties for better secondary processing, a cold
rolling process was performed on flame retardant PC-z/(C3/AHP-Y) PLA
nanocomposites at rolling ratios of 30% and 50%. The obtained results are shown in Fig.
6-5. Inset of Fig. 6-5(a) exhibits the tensile strength bar graph of pure-PLA and 1 wt.% C3
modified PLA nanocomposites with various rolling ratios (i.e., £ = 0%, 30%, and 50%)
parallel to the rolling direction. Obviously, the unrolled 1 wt.% C3 modified PLA was
fractured with tensile strength of 69.5 MPa. Meanwhile, after rolling-processing, the
tensile strength was significantly enhanced to 77.9 and 82.0 MPa with rolling ratio of
30% and 50% respectively. Moreover, compared the strain of 1 wt.% C3/PLA
nanocomposite at the rolling ratio of 50% with that of unrolled one, it shows a suddenly
increase to more than 120%, indicating a high ductility (inset of Fig. 6-5(b)). It was

proven that the cold rolling process could greatly improve the mechanical property of the
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low adding C3 modified PLA. Furthermore, the specimens of PC-z/(C3/AHP-Y) PLA
nanocomposites with different fillers amount at rolling ratios of 30% and 50% had also
been investigated by tensile tests. All the samples show better mechanical properties

compared to the unrolled ones, presenting an even plastic deformation.
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Fig. 6-6 Proposed tensile strength-reinforcing mechanism. (a) Infrared thermography
images of PC-1/(AHP-15%) and PC-10/(C3/AHP-15%) at 26.4~29.4 °C; (b) Infrared
thermography images of PC-10/(C3/AHP-15%) and associating specimens after rolling
process at 26.4~36.4 °C; (c) Photographs and (d) SEM images of PC-1/(AHP-15%)),

PC-10/(C3/AHP-15%) and their associating specimens after rolling process.

The data in Fig. 6-5 shows that the tensile properties of the rolled PC-z/(C3/AHP-Y)
PLA nanocomposites were affected by the rolling process greatly. Thus, a proposed
tensile strength-reinforcing mechanism is shown in Fig. 6-6 based on the results of
infrared thermography and SEM. With the addition of 1 wt.% C3 (Fig. 6-6(a)), the
specimen shows a uniform heat storage property according with higher tensile strength,

attributing to the excellent heat transfer performance of functionalized MWCNTs with
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three-dimensional networked structure [21-23]. High magnification SEM image for
PC-10/(C3/AHP-15%) PLA nanocomposites in Fig. 6-6(d-2) shows such
three-dimensional networked-structure and well dispersed AHP. For the specimens after
rolling process, it has been reported that the decrease of the crystallinity was due to
crystalline deformation and crystals destruction, which led to the increase of plastic
deformation during the rolling process [20]. Specimens after rolling process show more
excellent heat storage properties during the tensile tests, and present softening effect that
due to much higher fracture temperature (Fig. 6-6(b)). Comparing to the typical brittle
fracture of unrolled PC-10/(C3/AHP-15%) nanocomposites (Fig. 6-6 (d-2)), the fractured
sizes of both rolling-specimens became smaller, indicating the typical characteristics of a
ductile fracture (Fig. 6-6(d-3) and (d-4)). Moreover, it was observed that there were many
fibril-lar-PLA on the fractured surfaces, especially in the case of the 50% rolling ratio
(Fig. 6-6(d-4)). Additionally, the Cx-modified PLA specimens were homogenized at a

high rolling ratio, thus, the tensile properties with rolling process are reinforced.

6.3.3 Dynamic mechanical analysis (DMA)

f%_\ , e P Sy e e, ,%.‘ p et il gLt -
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Fig. 6-7 DMA thermograms of PLA and PC-10/(C3/AHP-15%) nanocomposites at

rolling ratio of 0%, 10%, 30%, 50% and 70%.

The dynamic mechanical and thermogravimetric properties of flame retardant
PC-z/(Cx/AHP-Y) PLA nanocomposites were investigated. And the results are

summarized in chapter 5. It can be concluded that the addition of AHP and 1 wt% Cx into
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PLA increases the storage modulus of PLA. Values of T, obtained from tan 6 show a
slightly change following the increasing amount of flame retardant, which can be
explained by that three-dimensional networked Cx restrict the movement of PLA chains
and AHP, resulting in almost unchanged values of 7y with AHP-content increase.

The storage modulus £ and tan ¢ under different rolling ratios were shown in Fig. 6-7.
At the region of below the glass transition temperature, the £’ was increased following by
the increase of rolling ratio (i.e. § = 10%, 30, 50%, 70%). For tan 9, at the region of below
the glass transition temperature, the tan o of rolled flame retardant PLA composites
change slightly to that of unrolled PLA, but at high temperature region (60 °C), tan 6
change greatly. Values of 7 obtained from tan & show a slightly increase following the
increase of rolling ratio, which can be explained by the effect of cold crystallization

according to the cold rolling process.

6.4 Conclusions

Core-shell nanostructured flame retardant Cx were introduced into aluminum
hypophosphite/poly(lactic acid) (AHP/PLA) flame retardant systems to improve both
flame retardancy and mechanical properties. In order to improve the mechanical
properties and ductility of such flame retardant PLA nanocomposites, as well as extend
their industrial applications, a cold rolling process was performed in this work. Such cold
rolling process was conducive for improving the comprehensive mechanical properties of
flame retardant PLA nanocomposites with the increasing of both tensile strength and
fracture strain. With addition of 1 wt% Cx, when the rolling ratio increased from 0% to
70%, the tensile strength and fracture strain was increased greatly than that of
AHP-modified PLA composites. Additionally, the Cx-modified PLA nanocomposites
were homogenized at a high rolling ratio, resulting reinforced tensile properties according

to the cold rolling process.
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Chapter 7 Conclusions

The advantages of Phosphorus-containing flame retardants (PFRs) include efficacy
at low concentration of organics, feasibility of incorporation and processing, relatively
low detrimental effects on physical properties, and so on. Today, PFRs are amongst the
"workhorse" products in the field of flame-retardant materials, and researches have been
focused on finding highly efficient phosphorus sources. Amongst them, research on
9,10-dihydro-9-oxa-10-phosphaphenanthrene 10-oxide (DOPO) group has gained
immense interest. Based on the active P—H bond, chemically introducing DOPO into
various monomers has become a strategy for preparing novel PFRs. For application,
flame-retardant epoxy resins have been widely applied in electrical laminates and
encapsulation resins, construction materials, adhesives and protective coatings due to
their safeguard against the potential fire hazard. On the other hand, poly(lactic acid)
(PLA) has been promoted to be one of the most widely used biodegradable polymers in
packaging engineering, biomedical fields, household and automobile engineering,
electricity industry and so on, because of their outstanding properties and renewable
resources (mainly starch and sugar). However, the PFRs for epoxy resin or PLA has to
encounter limitation (or risk): phosphorus resource efficiency, potential eutrophication
from phosphorous, as well as the thermal and mechanical properties of flame retardant
polymers.

In the present study, three types of DOPO-containing flame retardants (Series A:
single molecules; Series B: chain-like macromolecules; Series C: Functionalizing
MWCNTs) were synthesized based on the Pudovik reactions. The resultant nine kinds of
novel flame retardants were application into epoxy resin and PLA, respectively. Such
flame retardant polymer composites showed high performance that: meeting UL 94 V-0
flammability rating; high LOI values; high 7g; excellent mechanical properties.

In chapter 1, the research backgrounds, research significance, summary of the

research and the construction of this thesis are described. The objectives of the research
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are to synthesis novel DOPO-containing flame retardants and apply in epoxy resin and
PLA.

In chapter 2, the properties of materials used in this thesis, experimental methods and
characterizations are presented.

In chapter 3, three types of DOPO-containing flame retardants (Series A: single
molecules; Series B: chain-like macromolecules; Series C: Functionalizing MWCNTs)
were synthesized based on the Pudovik reactions. Flame retardants series A were
characterized by 'H, '*C and *'P NMR spectroscopy, elemental analysis (EA) and
Fourier transform infrared (FT-IR) spectroscopy. For series B, FT-IR and X-ray
photoelectron spectroscopy (XPS) were taken to confirm their compositions. The
structures and compositions of flame retardants series C were confirmed by FT-IR,
Raman, XPS, transmission electron microscope (TEM) and Thermogravimetric analyses
(TGA).

In chapter 4, three types of DOPO-containing flame retardants were well dispersed
into epoxy resin matrix with DDM as harder forming flame-retardant epoxy resin
composites. Flame retardancy tests indicated that Ax/Bx-modified epoxy resin
composites with phosphorus content of 0.75 wt% could reach UL 94 V-0 flammability
rating with high LOI values. Meanwhile, Cx/AlPi/(P%-Y) epoxy resin nanocomposite
with 1 wt% Cx and phosphorus content of 1.00 wt% can reach UL 94 VO rating.
Moreover, TGA results showed that all those flame retardant epoxy resin composites
produced high char yields. The mechanical properties of Cx-modified epoxy resin
nanocomposites deteriorated slightly with addition of Cx, with notched impact strengths
from 2.23 + 0.15 to 2.90 + 0.22 kJ-m™. Despite this, Cx/AlIPi/(P%-Y) epoxy resin
nanocomposites showed satisfactory mechanical properties for applications with high
storage modulus and 7gs.

In chapter 5, three types of DOPO-containing flame retardants were well dispersed
into PLA matrix via melt blending forming flame-retardant PLA composites to improve

both flame retardancy and mechanical properties. Flame retardancy tests indicated that
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Ax/Bx-modified PLA composites with filler content of 30 wt% could reach UL 94 V0O
flammability rating, with high LOI values. While, Cx-modified PLA nanocomposite with
synergistic effect of 1 wt% Cx and AHP content of 15 wt% can reach UL 94 VO rating.
Moreover, TGA results showed that all those flame retardant PLA composites produced
high char yields for preventing the anti-dropping. The tensile-enhanced properties of
PC-z/(Cx/AHP-Y) PLA nanocomposites can be attributed to that Cx can form
three-dimensional network structure and promote the dispersion of AHP in PLA matrix.
The notched impact strengths of Cx-modified PLA nanocomposites were slightly

increased with introduction of Cx into flame retardant AHP/PLA systems.

In chapter 6, Core-shell nanostructured flame retardant Cx were introduced into
aluminum hypophosphite/poly(lactic acid) (AHP/PLA) flame retardant systems to
improve both flame retardancy and mechanical properties. In order to improve the
mechanical properties and ductility of such flame retardant PL A nanocomposites, as well
as extend their industrial applications, a cold rolling process was performed in this work.
Such cold rolling process was conducive for improving the comprehensive mechanical
properties of flame retardant PLA nanocomposites with the increasing of both tensile
strength and fracture strain. With addition of 1 wt% Cx, when the rolling ratio increased
from 0% to 70%, the tensile strength and fracture strain was increased greatly than that of
AHP-modified PLA composites. Additionally, the Cx-modified PLA nanocomposites
were homogenized at a high rolling ratio, resulting reinforced tensile properties according
to the cold rolling process.

In chapter 7, general conclusions of the study are made. These high-efficiency flame
retardant epoxy resin or PLA composites with good mechanical properties obtained in
this study will become a potential candidate for fire- and heat-resistant applications in

automotive engineering and building fields with more safety and excellent performance.

144



Publications

1. BEFERIR

(1) Ligiang Gu, Jianhui Qiu, Eiichi Sakai
Effect of DOPO-containing Flame Retardants on Poly(lactic acid):
Non-flammability, Mechanical Properties and Thermal Behaviors
Chemical Research in Chinese Universities, Vol.33 (1), (2017), pp.143-149.

(2) Ligiang Gu, Jianhui Qiu, Eiichi Sakai
A novel DOPO-containing flame retardant for epoxy resin: Synthesis,
nonflammability, and an optimized curing procedure for high performance
High Performance Polymers, 2016, DOI: 10.1177/0954008316664123.

(3) Ligiang Gu, Jianhui Qiu, Eiichi Sakai
Thermal stability and fire behavior of aluminum diethylphosphinate-epoxy resin
nanocomposites
Journal of Materials Science: Materials in Electronics, Vol.28 (1), (2017),
pp.18-27.

(4) Chen Qiu, Ligiang Gu, Youwei Yao
Study on Synthesis and Performance of A New Type of Zinc-containing Thermal
Stabilizer for PVC
Plastics Science and technology, Vol.43 (9), (2015), pp.76-82.

(5) Ligiang Gu, Guoan Chen, Youwei Yao
Two novel phosphorus-nitrogen-containing halogen-free flame retardants of high
performance for epoxy resin
Polymer Degradation and Stability, Vol.108, (2014), pp.68-75.

(6) Ligiang Gu, Xuejuan Wan, Haiyang Liu, Tianqi Liu, Youwei Yao
A novel ratiometric fluorescence sensor for Zn*" detection
Analytical Methods, Vol.6 (21), (2014), pp.8460-8463.

(7) Guoan Chen, Ligiang Gu, Youwei Yao
A novel zinc-containing additive for the long-term thermal stabilization of poly
(vinyl chloride)
Polymer Degradation and Stability, Vol.107, (2014), pp.113-119.

(8) Haiyang Liu, Xuejuan Wan, Ligiang Gu, Tianqi Liu, Youwei Yao

Easily accessible ferric ion chemosensor based on rhodamine derivative and its

145



reversible OFF-ON fluorescence response
Tetrahedron, Vol.70 (41), (2014), pp.7527-7533.
(9) Xuejuan Wan, Tianqi Liu, Haiyang Liu, Ligiang Gu, Youwei Yao
Cascade OFF—ON-OFF fluorescent probe: dual detection of trivalent ions and
phosphate ions
RSC Advances, Vol.4 (56), (2014), pp.29479-29484.

E:ErmX T —~BEE: 4% (1) ~ Q3). (5)) , ToOfth: 5@ ((4). (6)

~ (9)

I. EfREEmAERMX

(1) Ligiang Gu, Jianhui Qiu, Eiichi Sakai, Kazushi Itou, Youwei Yao, Min Zhang. A
novel phosphorus-containing flame retardant for poly(lactic acid) with high
performance, The 12th China-Japan Joint Conference on Composite Materials
(CJICC-12), Kochi, Japan, September 14-18, 2016.

(2) Ligiang Gu, Jianhui Qiu, Eiichi Sakai, Kazushi Itou, Youwei Yao, Min Zhang. An
investigation of mechanical properties of the flame retardant poly(lactic acid) by cold

rolling process, The 12th China-Japan Joint Conference on Composite Materials

(CJICC-12), Kochi, Japan, September 14-18, 2016.

. EREEHFEK

(DB SC3R, Bf e, BE se—. pE —E Bk A% RO
T~ EERAIRINT K 5 R U FLER ORI, 20165F10H HART 7 X F » 7
RN TSI T R Y716, AT

()R SIHR. Bf AR, B st LiE R, B AR
HIRLY o SREERANEINC & 2 R Y LR O LI K OWERERFAT. 20154F9 H
H A AL 28 51 IR S, e RVWb i

() LA, Of A, BE g —
TR VAR TR U R EEA O RIRLS K OWERERFAL. 20144F9 1 H A
BB EREIRIE A AR Y T A BT

146



Acknowledgements

I would firstly like to acknowledge the guidance and support of my advisor Professor
Jianhui Qiu, who works at Department of Machine Intelligence and Systems Engineering,
Faculty of Systems Science and Technology of Akita Prefectural University. He imparted
the knowledge of material science and technology to me, and his elaborated guidance,
considerable encouragement and invaluable discussion make my research of great
achievement and my study life unforgettable. Also, thank you for the financial support
and the opportunities that were provided to me.

My deepest appreciation goes to the professors in Department of Machine Intelligence
and Systems Engineering, Faculty of Systems Science and Technology at Akita
Prefectural University, Prof. Mamoru Mizuno, Prof. Nobuhiro Kanazawa and Professor
in Department of Mechanical Engineering, Faculty of Engineering and Resource Science
at Akita University, Prof. Yotsugi Shibuya for the comments and suggestions, whose
advices have inestimable value for my research.

Third, Prof. Eiichi Sakai and Prof. Kazushi Ito (Department of Machine Intelligence
and Systems Engineering, Faculty of Systems Science and Technology at Akita
Prefectural University), I am grateful for their kind help and assistance in my work.

In addition, I would like to express my sincere thanks to the professors in Advanced
Materials Institute, Graduate School at Shenzhen, Tsinghua University, Prof. Youwei Yao,
Prof. Guoyi tang and Prof. Guolin Song, for their technical support.

I appreciate the technical support from Prof. Teruo Bitoh, Prof. Yongbo Wu, Prof.
Takao Komiyama in Akita Prefectural University; Dr. Makoto Kudo and Ms. Rie Nobe in
Akita Industrial Technology Center; Prof. Shaoyun Fu in Chinese Academy of Sciences;
Prof. Zuowan Zhou in Southwest Jiaotong University; Prof. Qingqing Ni in Shinshu
University, and Prof. Ning Hu in Chongqing University. Thanks for Ms. Qiu, who has
taken good care of me in the last three years; And thanks also go to my peer research

group members including Xueli Wu, Wenjuan Zhang, Liming Zang, Lijun Wang, Bin

147



Wang, Baiyi Chen, Longxiang Zhu, Jiao Chen, Haodao Mo, Yanling Yu, Yukiko Takeuchi,
Yoshie Sugiura, Suguru Murakami, Yuki Iwase, Yuya Matsumura, Kazuki Nishitoba,
Tatsuya Onogaki, Fumiya Saitou, Taiyou Sasaki, Daisuke Shibata, Erika Sato, Keita
Gotou, Mizuki Yada, for assisting with my research as well as providing friendship and
support.

Gratitude is due to my Japanese teacher, Asuka Toda, Eyiko Kamada, Minako Kudo,
Chika Furukawa, Eiko Fujishima and for their support, patience and understanding
throughout this endeavor.

A giant thank you also goes to my parents and my wife Ms. Ping Ao, for their moral
support, warm encouragement and patience throughout the course of this PhD and indeed

for my entire life.

Ligiang Gu

2017.03.22

148



