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ABSTRACT: Poly(urethane acrylate) (PUA)/poly(methylmethacrylate) (PMMA) core–
shell composite particles were prepared by two-stage emulsion polymerization. The
sizes of composite particles could be varied from 25 to 210 nm by introducing polyoxy-
ethylene (POE) groups to the urethane acrylate molecular backbone. Core–shell mor-
phology was identified by investigating the polarity of the surface of the core and shell
polymer particles and by measuring the contact angle of the composite particles. A
composite particle prepared with relatively small particles (about 20 nm) did not show
the core/shell morphology, because the high polar surface of the core polymer particle
and the low-stage ratio of the core to the shell cause the formation of a core/shell two-
stage latex to be more thermodynamically unstable. The fracture toughness of rubber-
toughened PMMA containing PUA/PMMA composite particles increased as the particle
sizes decreased and the shell thickness of the composite particles increased. In particu-
lar, when the average size of the composite particle was about 43 nm and the stage
ratio was 50/50, the fracture toughness of the rubber-toughened PMMA increased more
than three times compared with that of pure PMMA. Furthermore, the transparency
of toughened PMMA could be maintained up to 91% in the visible spectra range.
q 1998 John Wiley & Sons, Inc. J Appl Polym Sci 69: 2291–2302, 1998
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INTRODUCTION There are two ways to improve the toughness
of PMMA: One is to copolymerize methyl methac-

PMMA resin is commonly used as a surface-coat- rylate (MMA) with another monomer that has a
ing material as well as a fabrication material. It is low glass transition temperature (Tg) .3 The other
also widely used as a housing material or surface- is to blend it with other rubbery polymers through
coating material of machinery because of its excel- physical blending or a graft reaction.4–6 In using
lent weather resistance and high transparency. composite polymer particles as a toughening
However, the range of application is limited by its agent, core–shell particles comprise two or more
inherent brittleness. Thus, studies for improving radially alternating rubbery- and glassy-layer
its toughness and retaining its transparency have polymers, the center always being of a rubbery
been carried out actively.1,2

(elastomeric) polymer such as polybutadiene,
poly(butyl acrylate), or SBR and the outer layer

Correspondence to: J.-Y. Kim. of the glassy polymer compatible with the matrix
Contract grant sponsor: Engineering Research Center polymer.7–11 When PMMA is blended with the

(ERC) for Functional Polymer of Korea.
core–shell composite particles, there would be
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Table I Molar Ratio of Each Reagent for thecavitation of the rubber particles, prior formation
Synthesis of PMUAof shear bands,12,13 crack deflection and particle

bridging, and rubber particle stretching.
PTMG TDI 2-HEMA PEG600Although the impact strength of PMMA can be

improved by using conventional two-stage com-
PMUA1 1 2 1.85 0.15posite particles based on a rubbery polymer like PMUA2 1 2 1.7 0.3

polybutadiene, poly(butyl acrylate), and SBR, its PMUA3 1 2 1.5 0.5
transparency cannot be maintained because the PMUA4 1 2 1.2 0.8
relatively large particle of conventional composite
latex makes PMMA opaque. Thus, it becomes es-
sential to prepare nano-scale composite latex to

of PUA latex and used as a impact-modifier forprepare impact-modified PMMA retaining its
PMMA.original transparency.

The ultimate goal of this study was the prepa-
ration of a nano-scale composite particle using
poly(ethylene glycol)-modified urethane acrylate EXPERIMENTAL
(PMUA) 14,15 and the investigation of the effect
of particle sizes on the fracture toughness and

Reagentstransparency of PMMA. In our previous arti-
cle,15,16 nano-scale polyurethane latex having dif- In the synthesis of poly(ethylene glycol)-modified
ferent droplet sizes could be obtained by the emul- urethane acrylate (PMUA), poly(tetramethylene
sion polymerization of PMUA. We also prepared glycol) (PTMG, MW Å 1000, Hyosung BASF, Ko-
polyurethane/poly(glycidyl methacrylate)-co-ac- rea), 2,4-toluene diisocyanate (TDI, Junsei
rylonitrile nanocomposite particles having differ- Chemical Co., Japan), 2-hydroxyethyl methacry-
ent particle sizes by using this nano-scale polyure- late (2-HEMA, Aldrich Chemical Co., Milwaukee,
thane latex. These particles could improve the im- WI), and poly(ethylene glycol) (PEG, MW Å 600,
pact strength of the epoxy resin more than 20 Junsei Chemical Co.) were used. Inhibitors of
times compared with that of pure epoxy resin.16

methyl methacrylate monomer (MMA) and tetra-
Generally, in the case of emulsion polymeriza- methylene glycol dimethacrylate (TEGDMA, Ald-

tion of a conventional monomer, it is difficult to rich Chemical Co.) , used as crosslinking agents,
control the size of the emulsion droplets. Although were removed through a removing column (Ald-
the droplet size of this emulsion can be changed rich Chemical Co.) . 2,2 *-Azobisisobutyronitrile
by the amount and kind of surfactant used and (AIBN), an oil-soluble initiator, was recrystal-
the mixing method, there is a limit in the control lized by absolute methanol and dried at 307C in a
of the droplet size; moreover, an excess amount decompressed condition for 3 days. Sodium lauryl
of surfactant should be used to prepare nano-scale sulfate (SLS, Aldrich Chemical Co.) was also used
particles, which can exert a bad effect on the prop- as an emulsifier.
erty of the final product. However, PMUA latex
has nano-scale particles, and its droplet size could
be controlled by the number of terminal polyoxy- Synthesis of PMUA14,15

ethylene (POE) groups, because the hydrophil-
icity of PMUA changed largely with the number All PMUA samples were synthesized by three-

step processes. The molar ratios of the reactantsof these hydrophilic groups.14,15

The morphology of the composite particle are summarized in Table I and the molecular
structure of PMUA is illustrated in Figure 1.strongly depends on the particle surface polarity

and the size of the first-stage particle (core poly- These reactions were carried out in a four-necked
glass reactor equipped with a stirrer, thermome-mer).17–20 Thus, four kinds of PUA latexes are

prepared by using four kinds of PMUA having ter, reflux condenser, and inlet system for N2 gas.
A detailed reaction mechanism was also reporteddifferent hydrophilicity to investigate the effect

of the core particle size and stage ratio on the in our previous articles.14,15

According to our previous experimental results,morphology of poly(urethane acrylate) (PUA)/
poly(methyl methacrylate) (PMMA) composite in the case where the molecular weight of PEG

was 600, PMUA showed the smallest droplet sizeparticles. In addition, 12 kinds of composite parti-
cles will be prepared by using those four kinds and the highest emulsion stability.
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PREPARATION OF TOUGHENED PMMA 2293

Figure 1 Molecular structure of PMAU.

Preparation of Core–Shell Composite Particles through a semibatch process in which the mono-
mers containing AIBN (1 wt %) were added con-

In the case of the preparation of PMUA emulsions, tinuously into the reactor from a microdropping
the mixture of the modified urethane acrylate (10 funnel at the constant rate of 0.04 g/min. The
g), AIBN (0.02 g), and SLS (0.01 g) were charged shell polymerization was carried out at 557C for
in a glass reactor equipped with stirrer, thermo- 6 h while the agitation speed was 160 rpm. The
couples, and reflux condenser, and then distilled recipe for the preparation of PUA/PMMA latex is
deionized water (DDI water) was dropped into summarized in Table III. The sample notation
the reactor at the rate of 0.375 g/min at room used for the PUA/PMMA composite particles is
temperature. When the preparation of the PMUA CPUMx-y /z , where x is the kind of PUA core poly-
emulsion was completed, the reactor was heated mer and y /z is the stage ratio (weight ratio) of
to the initiation temperature of AIBN, 557C. the core to the shell. For example, CPUM4-50/
When the polymerization was carried out for 6 h, 50 is a PUA/PMMA composite particle prepared
the conversion rate was about 98%. The recipe for using the PUA4 core particle at a 50/50 stage
the emulsion polymerization of PMUA is summa- ratio of core/shell.
rized in Table II. The average sizes of the composite particles

In the second stage of the emulsion polymeriza- were measured by a laser light scattering instru-
tion, that is, the addition of MMA and TEGDMA ment (Brook Heaven Co. Ltd., BI9000AT, argon

laser). To obtain powders of the composite parti-monomers, the shell formation was performed

Table II Recipe for the Emulsion Polymerization of PMUA and the Size of PMUA Latex Formed by
Emulsion Polymerization

DDI Water AIBN SLS Particle Size
Symbol PMUA (g) (g) (g) (nm)

PUA1 PMUA1 10 g 90 0.2 0.1 175.24
PUA2 PMUA2 10 g 90 0.2 0.1 86.67
PUA3 PMUA3 10 g 90 0.2 0.1 44.33
PUA4 PMUA4 10 g 90 0.2 0.1 22.40
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Table III Recipe for the Preparation of PUA/PMMA Composite Latex and Its Particle Size

MMA DDI Water AIBN Particle Size
Symbols PUA Latexa (g) (g) (g) (nm)

CPUM1-70/30 PUA1 100 g 4.290 30 0.042 184.20
CPUM1-60/40 PUA1 100 g 6.670 30 0.067 198.40
CPUM1-50/50 PUA1 100 g 10.00 30 0.100 209.56

CPUM1-70/30 PUA1 100 g 4.290 30 0.042 93.00
CPUM1-60/40 PUA1 100 g 6.670 30 0.067 114.33
CPUM1-50/50 PUA1 100 g 10.00 30 0.100 130.33

CPUM1-70/30 PUA1 100 g 4.290 30 0.042 51.00
CPUM1-60/40 PUA1 100 g 6.670 30 0.067 57.00
CPUM1-50/50 PUA1 100 g 10.00 30 0.100 67.67

CPUM1-70/30 PUA1 100 g 4.290 30 0.042 24.33
CPUM1-60/40 PUA1 100 g 6.670 30 0.067 37.00
CPUM1-50/50 PUA1 100 g 10.00 30 0.100 43.00

a PUA latex contains 10 g of polymerized PMUA and 90 g of DDI water. Thus, in the case when 4.290 g of MMA is added at
the second emulsion polymerization, the stage ratio, meaning the weight ratio, of PUA/PMMA is 70/30.

cles, prepared core–shell latexes were deemulsi- particle has an effect on the morphology of a two-
stage composite latex.22 Therefore, the morphol-fied with CaCl2 and filtered. Then, they were dried

at 507C for 48 h. These composite particles were ogy of the composite particles could be identified
by using the surface polarity of the core polymerused as a fracture toughness modifier of PMMA.
(PUA). Also, the effect of the surface polarity of
the core polymer particle on the morphology also

Contact-angle Measurement could be investigated.
To obtain a solid surface free from impurities,
which are likely to influence its surface proper- Sample Preparation
ties, all latex samples were dried in a vacuum
oven at 507C. DDI water and methylene iodide To prepare sheets that are used in the measure-
(CH2I2; 1 mL) were dropped on each sample film, ment of the toughness of toughened PMMA, AIBN
and the contact angle was determined by a contact and the composite particles were mixed with the
angle meter (Erma contact angle meter, Model G- MMA monomer. Then, this mixture was poured
1). With these observed contact angles of DDI into a glass frame mold sealed with silicon rubber.
water and CH2I2, the surface tension (gs ) , surface This mold was immersed in the water bath and

polymerized at 407C for 24 h. After this process,polarity (gp
s ) , and surface dispersity (gd

s ) were
calculated by the geometric-mean method.16 All postcuring was carried out at 807C for 5 h. All

specimens contained 10 wt % of the tougheningmeasurements are the average of 10 runs. The
surface tension (gs ) was calculated by the Owens’ particles.
equation21:

Scanning Electron Microscopy and Transmission
gs Å gp

s / gd
s (1)

Electron Microscopy

where gs is the summation of the polar compo- A scanning electron microscope (SEM: Philips Co.
XL-30) was used to investigate the dispersity ofnent (gp

s ) and dispersity component (gd
s ) . Al-

though there have been some differences between the particles in the PMMA matrix. The cross sec-
tion of the samples was analyzed by the conven-the harmonic-mean and geometric-mean method,

the latter was chosen because it was possible to tional secondary electron imaging technique.
Samples were coated with a thin layer of gold–infer the morphology of the composite particle

with only relative surface polarities. Daniels et palladium to reduce any charge buildup on the
fracture surface.al. suggested that the surface of the core polymer
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Y Å

(1.99 0 {a /W (1 0 a /W )
1 [2.15 0 3.93a /W / 2.7(a /W )2]})

(1 / 2a /W ) (1 0 a /W )1.5 (3)

Transparency was measured by using a
UV-visible spectrophotometer (Shimadzu UV-
2010PC). The transparencies of the 3-mm-thick
sheets were compared by measuring the transmis-
sion of rays at a 500-nm wavelength.

RESULTS AND DISCUSSION

Preparation of PUA Core Latex

The PUA/PMMA core–shell composite latex
could be prepared by two-stage emulsion polymer-
ization. A semibatch process was employed to
minimize the formation of new particles during
the second-stage polymerization and to be more

Figure 2 Three-point bending testing method and the favorable of forming the core–shell morphology
geometry of the testing specimen.

thermodynamically. At the first emulsion poly-
merization, PMUA was soap-free emulsified and
polymerized to be used as a core particle of theThe dispersion of the composite particle in the
composite particles. The size of the core particlesPMMA matrix was observed by transmission elec-
could be controlled in the range of 22–175 nm.tron microscopy (TEM, Hitachi HU11-E). Ultra-
The size of the core particle is summarized in Ta-thin samples were obtained by microtoming
ble II.molded specimens using a Riechert-Jung ultrami-

The formation of nano-scale PUA particles iscrotome at 0807C. Staining was carried out by
due to the interfacial activity of molecules con-using OsO4 (1% solution in water) for at least 24
taining POE groups. In other words, PMUA mole-h and/or RuO4 (vapor) for a maximum of 15 min.
cules containing POE groups act as a polymeric
surfactant, so that PMUA emulsions can make a
fine and stable dispersion in water with a rela-Measurement
tively small amount of surfactant.14,15,24 Thus, the

The single-edge notched three-point-bend (SENB) size of the PUA particle can be controlled by the
specimens were prepared by cutting the toughened number of POE groups. As the molar ratio of PEG
PMMA sheets.16 The geometry of specimen is illus- to 2-HEMA increased in the synthesis of PMUA,
trated in Figure 2. the size of the PUA particles decreases almost

The fracture toughness and deflection at break regularly because of the increase in the number
of the SENB specimen were measured with a of molecules having terminal POE groups (Table
Housefield Model Instron equipped with a three- II) . The distribution of the particle size of PMUA
point-bending tester at room temperature. All latex is represented in Figure 3.
measurements are the average of 10 runs. The
value of the fracture toughness or stress intensity

Preparation of PUA/PMMA Composite Latexfactor, K1c , at the onset of crack growth may be
deduced from the measured force, Fc , at crack ini- At the first emulsion polymerization, as pre-
tiation by the following equation23: viously mentioned, nano-scale core particles were

prepared by the emulsion polymerization of
K1c Å (6FcYa1/2 ) (BW ) (2) PMUA. As the second stage, the second emulsion

polymerization of MMA was carried out by a semi-
batch process. The MAA monomer was added intowhere a is the length of a sharp crack; B, the thick-

ness; W, the width of the specimen; and Y, a dimen- the PUA emulsion and polymerized at 557C for 6
h. It was assumed that PMMA surrounds PUAsionless geometry factor which is given by
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Figure 3 Particle-size distributions of PUA core latexes. Laser light scattering was
used to obtain average particle sizes and their distribution: (A) PUA1 core latex; (B)
PUA2 core latex; (C) PUA3 core latex; (D) PUA4 core latex.

particles in the course of the second emulsion po- DMA (0.01 g) to retain its morphology in the
course of the preparation of the PMMA sheets.lymerization and forms the shell of composite par-

ticles. The weight ratio of the MAA to PUA parti- Figure 4 shows the particle-size distributions of
the PUA/PMMA composite latexes.cles (stage ratio) was varied to investigate the

effect of the added amount of MAA on the forma- The sizes of the composite particles are narrow
and fine ones, and the particle size also increasestion of composite particles.

If the shell of the composite particles formed as the stage ratio of MMA to PUA particles in-
creases, that is, as the added amount of MMAby the polymerization of MMA is not crosslinked,

the linear PMMA shell polymer could dissolve in increases (Table III) . Finally, the sizes of the com-
posite particles could be controlled from 25 to 209the MMA monomer during the preparation of the

toughened PMMA sheets. In other words, in the nm (Table III) .
case where the morphology of the composite parti-
cles cannot be maintained in the course of mixing

Identification of Core–Shell Morphology Throughthe composite particles with the MMA monomer,
Surface Polarityphase separation between the PMMA matrix and

the urethane core polymer in the PMMA matrix To use PUA/PMMA composite particles as a
toughening agent for PMMA, these particlesoccurred. Thus, the shell was crosslinked by TEG-
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Figure 4 Particle-size distributions of PUA/PMMA core–shell latexes: (A) CPUM1-
50/50; (B) CPUM2-50/50; (C) CPUM3-50/50; (D) CPUM4-50/50.

should have a core–shell morphology, that is, the nent are located on the polymer surface, the con-
tact angle (u ) can be determined by the polymerouter layer is crosslinked PMMA and the inner

layer is PUA. The PUA is inherently incompatible surface properties, such as surface polarity and
surface dispersity. If the core/shell morphologywith PMMA, so those PUA particles should be

coated with PMMA to increase their dispersibility were formed, the surface characteristics of the
shell polymer should be the same as those of theand to form nano-scale dispersed PUA domains

at the PMMA matrix. Therefore, it can be thought shell polymer latex only (in our study, the PMMA
latex), because the core particles should be com-that the morphology of the composite particles is a

decisive factor for the rubber-toughening PMMA; pletely surrounded by the shell polymer in the
case of the core/shell composite particles. In addi-thus, the identification of the composite particle

morphology should be carried out prior to the ap- tion, the surface characteristics of the core can be
also examined by the contact angle. The surfaceplication of these composite particles for tough-

ening agents. In our study, contact angle mea- polarity with the core particle is one of factors
influencing the formation of the core–shell mor-surement was used to identify the core–shell mor-

phology. phology.22,25–27

In the PUA/PMMA system, we can considerWhen DDI water as a polar-component and
methylene iodide (CH2I2) as a nonpolar compo- three thermodynamics factors: surface polarity,
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Table IV Surface Polarity of Latex Film cally unfavorable with increase of the hydrophil-
(PMUA and Composite Latex) icity of the core particles.22,28 For example, in the

case of the PMMA/polystyrene (PS) (hydrophilic/
Sample gS gd

S gp
s hydrophobic) system, the formation of the in-

verted core/shell morphology is the most thermo-
PUA1 42.50 35.20 7.30 dynamically favorable arrangement. This is be-CPUM1-70/30 49.27 36.48 12.79

cause the interfacial tension between PS and wa-CPUM1-60/40 50.42 37.13 13.29
ter is greater than the PMMA–water interfacialCPMU1-50/50 49.92 37.36 12.56
tension. In other words, the formation of an in-

PUA2 47.85 37.35 10.50 verted morphology eliminates the most unfavor-
CPUM2-70/30 49.36 36.81 12.55 able hydrophobic-water surface and replaces it
CPUM2-60/40 50.72 37.28 13.45 with a hydrophilic-water surface.22,27,28 Therefore,CPUM2-50/50 49.87 37.18 12.69

as the number of molecules having a POE group
PUA3 53.40 34.39 19.01 in PMUA, the size of the core particles decreases,
CPUM3-70/30 50.71 37.42 13.29 whereas the formation of the core/shell morphol-
CPUM3-60/40 50.29 37.30 12.99 ogy becomes unfavorable because of the increase
CPUM3-50/50 49.46 37.02 12.45 in the hydrophilicity of the core polymer.

Moreover, it has also been reported that thePUA4 54.95 33.65 21.30
CPUM4-70/30 51.59 37.36 14.24 stage ratio or weight ratio of the core/shell poly-
CPUM4-60/40 50.01 37.08 12.93 mer influences the morphology of the composite
CPUM4-50/50 49.67 36.97 12.70 particles,25–27 that is, as the relative amounts of

the second polymer or shell polymer increases, thePMMA 49.13 37.03 12.01
core/shell morphology becomes more favorable.

Unit: dyne/cm. Thus, in the case of CPUM4-70/30, the weight
ratio of the second polymer (MMA) to the core
polymer is the smallest and the hydrophilicity of

core–shell stage ratio, and core particle size. We the core polymer (PUA) is greater than that of
any other core polymer, so the formation of thecould obtain the surface polarity (gp

s ) using con-
tact angles of DDI water and CH2I2 through the core/shell morphology is most unfavorable among

the PUA/PMMA composite particles.Owens’ equation. Table IV shows the surface po-
larities of the polymer films. The surface polarity
of the PMUA polymer increases, as the molar ra-

Fracture Toughness Tendenciestio of PEG to 2-HEMA in the regular sequence
(Table I) . This is because the hydrophilicity of In our experiment, core–shell composite particles

were used as a toughening agent of PMMA. ToPUA increases with the number of molecules hav-
ing POE groups in PMUA. investigate the optimum particle size for tough-

ening PMMA, we varied the size of composite par-The surface polarities of the composite particle
films show similarities to those of the PMMA film ticles in the region of 25–210 nm, where a good

shear band formation was expected with the same(12.45–12.93 dyne/cm). This result could be con-
firmed by the formation of the PUA/PMMA core/ materials, PEG-modified urethane acrylate, and

MMA.9,16,29–31 Core–shell composite particles alsoshell morphology. However, for the CPUM4-70/
30 core–shell latex, the surface polarity is 14.24 have advantages in the aspect that they can main-

tain the spherical morphology of the rubber parti-dyne/cm, much higher than that of the PMMA
film, indicating that the core/shell morphology is cles and that it is possible for them to form a

significantly small rubber particle domain tonot formed. The PUA4 core particle has a consid-
erably higher surface polarity (21.30 dyne/cm) about 23 nm. Therefore, the affection of small

composite particles on the PMMA toughness couldthan PMMA (12.10 dyne/cm) and any other PUA
particles. It is suggested that the hydrophobe-wa- be investigated according to the particle sizes of

the core–shell composite particles.ter surface formed by PMMA would be replaced
by a hydrophile-water surface made of PMUA4, The three-point bending test was used to esti-

mate the fracture toughness of the PMMA resincausing the formation of the inverted or mixed
morphology to be more favorable. blended with the composite particles.16 In this ex-

periment, the force at break was measured andIt has been reported that the formation of the
core/shell morphology becomes thermodynami- the fracture toughness was calculated by eq. (2).
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est fracture toughness among the CPUM parti-
cles.

Figure 6 shows the deflection degree at the
breakpoint of each specimen. For the same rea-
son, the CPUM4-50/50 particle exhibits better
flexibility than that of any other core series at
any stage ratio. This implies that small particles
compatible with the matrix can form a shear band
easier than can the larger ones.

Transparency Tendencies

Transparencies of all the specimens were mea-
sured by UV-visible spectroscopy. Figure 7 shows
the change of transparency with increase of the
stage ratio of the core–shell particles. When the
CPUM4-50/50 particles are blended with PMMA,
the transparency of the specimen shows 91%
transmittance. Although CPUM4-70/30 has the
smallest particle among the PUA/PMMA parti-Figure 5 Change of fracture toughness of toughened

PMMA containing PUA/PMMA with the stage ratio cles, PMMA containing this particle did not show
of core/shell. The content of the core–shell composite good transparency. It seemed to be due to the im-
particles is 10 wt % for the PMMA resin: ( — j —) perfect formation of the core/shell morphology.
CPUM4; ( — l —) CPUM3; ( — m —) CPUM2; This may induce the aggregation of particles in
( — . —) CPUM1. the PMMA matrix during preparation of the spec-

imen.

Figure 5 shows the change of the fracture tough-
ness with the stage ratio of the core/shell.

All the specimens contain 10 wt % of the com-
posite particles. PMMA samples blended with
CPUM4 particles show the greatest fracture
toughness among the CPUM particles. This result
is probably due to the smallest size of the CPUM4
particles among the PUA/PMMA composite parti-
cles, because the formation of the shear band is
more favorable when smaller composite particles
are mixed. Although CPUM4-70/30 is the small-
est particle among the CPUM4 particles, the
PMMA sample mixed with CPUM4-70/30 shows
the lowest fracture toughness, because this parti-
cle does not have a core/shell morphology. On
the other hand, when the PUA/PMMA particles
prepared with a 70/30-stage ratio, such as
CPUM1-70/30, CPUM2-70/30, CPUM3-70/30,
and CPUM4-70/30, are blended with PMMA,
CPUM1-70/30 having the largest particle size
showed the greatest fracture toughness among
these particles, because of the perfect core/shell Figure 6 Change of deflection at break of toughened
morphology of this particle. CPUM4-50/50 has PMMA containing PUA/PMMA composite particles
the perfect core/shell morphology, smallest core with the stage ratio of core/shell: ( — j —) CPUM4;
particle, and thicker shell, so that the PMMA ( — l —) CPUM3; ( — m —) CPUM2; ( — . —)

CPUM1.specimen containing this particle shows the great-
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cles. This is due to the fine dispersion of the
CPUM4-50/50 composite particle at the PMMA
matrix. Figure 9 shows the TEM micromorphol-
ogy of toughened PMMA exhibiting the nano-scale
dispersion of the PUA/PMMA composite particle
(CPUM4-50/50).

If the PUA/PMMA particles did not have a
core/shell morphology, the PUA core particle
should be aggregated and form coagulum at the
PMMA matrix because of the inherent incompati-
bility between PUA and PMMA. However, the

Figure 7 Change of transparency of toughened
PMMA with the stage ratio of shell to core polymer
in the synthesis of the composite particles: ( — j —)
blended with CPUM1 series; ( — l —) blended with
CPUM2 series; ( — m —) blended with CPUM3 series;
( — . —) blended with CPUM4 series.

Investigation of Dispersity by SEM Images

Figure 8 is an SEM view of the morphology of
the PUA/PMMA composite particles (CPUM4-
70/30 and CPUM4-50/50) in the PMMA matrix.
In the case where the weight ratio of PMUA4/
PMMA is 70/30 (CPUM4-70/30) , as mentioned
above, the possibility of the formation of the
core /shell morphology is lower than that of any
other composite particle. Therefore, as shown
in Figure 6(A) , even though the PMMA shell
polymer is crosslinked, the coagulum composite
particles formed by the aggregation of particles,
that is, the core polymer, can be seen in the
PMMA matrix. It can be suggested that the low
fracture toughness of this specimen is due to the
coagulum of the PUA/PMMA particles in the
PMMA matrix. In the case of CPUM4-50/50,
however, although the same core polymer was
used, a thicker shell made it possible to form
a perfect dispersed state, as illustrated in Fig-
ure 8(B) .

The CPUM4-50/50 particle, the smallest core Figure 8 Scanning electron microphotographs of the
particle, showed the highest fracture toughness fractured surface of toughened PMMA: (A) CPUM4-70/

30; (B) CPUM4-50/50.and transparency of any of the PUA/PMMA parti-
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that as the composite particle sizes were reduced
the dissipation of energy through shear banding
was more favorable.

This work was supported by the Engineering Research
Center (ERC) for Functional Polymer of Korea.
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