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a b s t r a c t

We develop a new class of polyetheramine-modified organoclays that enable the homogenous dispersion
of inorganic phosphorescent phosphor powder, yttrium aluminum garnet Y3Al5O12 (YAG), in epoxy,
which can then be used for packing of light-emitting diode (LED) devices. The organoclays are prepared
from the ionic exchange reaction of sodium montmorillonite (Naþ-MMT) with poly(oxypropylene) (POP)
diamines of sufficiently high molecular weight, which are found to be effective for homogenizing YAG in
the two-component epoxy system involving an anhydride curing agent and an aliphatic epoxy resin. By
adding the POP-diamine-based organoclays, the viscosity of the anhydride/epoxy resins is greatly
enhanced and the resin shows a non-Newtonian shear-thinning behavior. Because of the high viscosity
that retards the molecular motion, the micrometer-scaled YAG particles can remain dispersed in the
resins for a fairly long time without precipitation during the curing process. We investigate the rheo-
logical properties of the organoclays as the thickening agent and applied the organoclays to fabricate YAG
particle-dispersed epoxy for packing of blue light LED that mixes the yellow light of the well-dispersed
YAG particles to form uniform white illumination.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

White light-emitting diode (WLED) is an energy-efficient and
environment-friendly light source that has been gradually used to
replace conventional power-consuming lamps [1,2]. The recent
developments in WLED have focused on the mixing of the emitting
blue light and the yellow light of phosphorescent phosphor pow-
ders that are dispersed in packing material to generate pseudo
white light. The size of the phosphorescent phosphor powders,
such as yttrium aluminum garnet (YAG), Y3Al5O12, is generally in
micrometer scale [3]. It is known that large particles tend to
aggregate and precipitate in liquid media, and thus achieving a
uniform dispersion of the large particles in epoxy resins is chal-
lenging. Phosphorescent phosphor powders tend to settle at the
bottom of the resins, which consequently results in an uneven
illumination. In particular, the sedimentation problem becomes
even more severe at elevated temperature due to a lower viscosity
such that the curing process of resins may aggravate the particle
Tung), jianglin@ntu.edu.tw
aggregation. The development of efficient methods to homoge-
neously disperse the large phosphorescent phosphor powders in
epoxy is thus an important research topic.

Epoxy resins are widely used for the LED packing thanks to the
advantages of workability, good adhesion, insulating, and excellent
mechanical properties such as tensile strength and impact fracture
resistance [4,5]. Among various commercially available epoxies,
anhydride is generally selected as the curing agent to gain high
transparency and luminous efficiency for LED packing. To fabricate
the packing that can produce uniform yellow light, YAG particles
have to be well dispersed in the anhydride/epoxy resins during the
curing process. It has been known that an efficientmethod to retard
the aggregation of large particles in liquid is to increase the liquid
viscosity. In order to solve the sedimentation problem of YAG par-
ticles in LED packing process, the viscosity of resins is often pur-
posely increased by adding organic thickeners [6,7]. However, the
organic thickeners may cause a reduction of thermal and me-
chanical properties of the cured resins.

Recently, the polymer/layered silicate nanocomposites formed
by introducing various organoclays into hydrophobic polymers
have been intensively studied [8e12]. The layered silicate clays are
generally intercalated or exfoliated by ionic exchange reactionwith
organic intercalated agents. The modified clays can be finely

mailto:shtung@ntu.edu.tw
mailto:jianglin@ntu.edu.tw
http://crossmark.crossref.org/dialog/?doi=10.1016/j.compscitech.2016.06.006&domain=pdf
www.sciencedirect.com/science/journal/02663538
http://www.elsevier.com/locate/compscitech
http://dx.doi.org/10.1016/j.compscitech.2016.06.006
http://dx.doi.org/10.1016/j.compscitech.2016.06.006
http://dx.doi.org/10.1016/j.compscitech.2016.06.006


Table 1
Properties of organoclays.

Sample CEC ratioa Ri/o
b d-spacing (Å)c hYAG

d

MMT-POP400 1 68/32 17 0
MMT-POP2000-95 8.2 5/95 26 0
MMT-POP2000-90 3.9 10/90 57 0
MMT-POP2000-80 1.7 20/80 51 4
MMT-POP2000-70 1 30/70 52 10
MMT-POP2000-60 0.64 40/60 48 8
MMT-POP2000-50 0.43 50/50 45 1
MMT-POE2000 1 29/71 18 0
MMT-C12-amine 1 79/21 21 0
MMT-C14-amine 1 73/27 20 0
MMT-C18-amine 1 73/27 18 0

a Equivalent molar ratio of organic agent/CEC of Naþ-MMT.
b Inorganic/organic weight ratio.
c Determined by X-ray diffraction.
d Capability of dispersing YAG, defined as phr ratio of YAG/organoclay.
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dispersed in the polymer matrices and consequently lead to good
properties such as gas barrier [13], thermal stability [14], flame
retardation [15,16], and mechanical strength [17]. Previous reports
have demonstrated a great improvement of material properties by
incorporatingmodifiedmontmorillonite, a natural silicate clay, into
polymers, such as epoxy, nylon, polyamide, polyimide, and poly-
urethane system [18e20]. In addition to the superior properties
that can be brought by organoclays into the polymer composites, in
this work, we further found that the intercalated organoclays can
be dispersed in the uncured anhydride/epoxy resins and greatly
increase the viscosity of the resins [21e23], which in turn retards
the rate of YAG particle sedimentation in resins during curing
process. In other words, after curing, evenly dispersed YAG particles
and good thermal/mechanical properties can be simultaneously
achieved in the cured epoxy by the use of the organoclays.

We prepared the organoclays by the ionic exchange reaction of
sodium montmorillonite (Naþ-MMT) with alkyl-amines (C12, C14
and C18 fatty amine) and various polyether-amines including pol-
y(oxypropylene) (POP) and poly(oxyethylene) (POE) diamines
[24e27], and dispersed the organoclays into two-component an-
hydride/epoxy curing system. The effect of the organoclays on the
rheology of the resins, the dispersion of YAG particles in resins, and
the transparency of the cured epoxy were investigated. Among the
organoclays, the one prepared from POP diamine with high mo-
lecular weight can most effectively enhance the viscosity of the
resin and thus facilitates the dispersion of YAG particles in the
cured epoxy without a significant sacrifice of transparency. This
work demonstrates that the organoclays are a class of good can-
didates for the application in LED packing.

2. Experimental

2.1. Materials

The natural aluminosilicate clays, sodium montmorillonite
(Naþ-MMT), with a cationic exchange capacity (CEC) of 120
mequiv/100 g was obtained from Nanocor Co., USA. The alumino-
silicate platelets are the fundamental units in the multilayered
structure. Each primary stack is structured of 8e10 edge-sharing
octahedral platelets with the average dimensions of
400 � 400 � 1 nm3. Poly(oxyalkylene)-backboned diamines,
including poly(oxypropylene) (POP) and poly(oxyethylene) (POE)
diamines, are commercially available under the trade name Jeff-
amine® amines and were purchased from Huntsman Chemical Co.
POP- and POE-diamines of different molecular weight, Mw¼ 400 or
2000 (POP400, POP2000 and POE2000), were used. The shorter
segment amines, including fatty amine series, 1-dodecylamine
(C12-amine), 1-tetradecylamine (C14-amine), and 1-
octadecylamine (C18-amine), were purchased from Alfa Co.
Commercially available cerium doped yttrium aluminum garnet
(Y3Al5O12:Ce, YAG) is a synthetic crystalline material with a particle
size of 13e14 mm. The aliphatic epoxy resin, 3,4-
epoxycyclohexylmethyl-30,40-epoxycyclohexanecarboxylate
(Union Carbide ERL-4221, abbreviated as 4221) with an epoxide
equivalent weight of 137, was purchased from Aldrich Chemical Co.
The anhydride-type curing agent, methyl hexahydrophthalic an-
hydride (MHHPA) with an equivalent weight of 168, was purchased
from Huntsman Chemical Co. The catalyst, 1,8-diazabicyclo-(5,4,0)-
undecene-7-octanoic acid salt (code U-CAT SA102, abbreviated as
SA102), was purchased from San Apro Co., Japan.

2.2. Preparation of organoclays

The preparation of the POP2000-modified organoclays with an
equivalent molar ratio of organic agent to CEC of Naþ-MMTequal to
one (CEC ratio ¼ 1) is taken as an example as follows. Naþ-MMT
(10 g, 120 mequiv/100 g) was swelled in 1 L of deionized water and
stirred vigorously at 80 �C for 1 h. The amine-salt, prepared from
POP2000 (24 g, 12 mmol) and equivalents of hydrochloric acid
(35 wt %, 0.876 g, 24 mmol) in water, was added to the slurry. The
inorganic/organic weight ratio (Ri/o) of this organoclay is 30/70.
After stirring at 80 �C for 1 h, the precipitates were collected at
ambient temperature, washed with deionized water, and dried
under vacuum at ambient temperature. According to the CEC of
Naþ-MMT, varying CEC ratios, from 0.43 to 8.2, were prepared and
all the samples used in this study are listed in Table 1.

2.3. Preparation of YAG-dispersed epoxy with organoclays

Taking MMT-POP2000-70 organoclay as an example, the pro-
cedure for preparation of YAG-dispersed anhydride/epoxy with
organoclays is described below. MMT-POP2000-70 (0.250 g, 1 phr)
was dispersed in anhydride-type curing agent MHHPA (11.2 g,
66.6 mmol) by mechanical stirring at room temperature. Subse-
quently, epoxy resin 4221 (13.8, 54.7 mmol) and catalyst SA102
(0.125 g, 0.5 phr) were added. The YAG particles (2.50 g, 10 phr)
were then added, followed by mechanical stirring until complete
homogeneity. The anhydride/epoxy resins were cast on a flat
aluminum-foil mold in the form of films or plates, and were cured
under a programmed heating at 80 �C for 1 h and 120 �C for 1 h in a
vacuum oven. The composites with varying amount of organoclays
and desired amount of YAG particles could be obtained through the
above procedure.

2.4. Characterization

X-ray diffraction (XRD) was performed on a Schimadzu SD-D1
diffractometer with a Cu target at a scanning rate of 2�/min. The
generator voltage was 45 kV and the current was 40 mA, which
produces X-ray with a wavelength of 1.5405 Å. Thermogravimetric
analysis (TGA) was conducted on a TA instrument Q50 analyzer. The
rheological experiments of uncured resins were performed on an
AR2000EX stress controlled rheometer (TA Instruments). Cone-
and-plate geometry (40 mm diameter with 4� cone angle) was
used. The plate was equipped with Peltier-based temperature
control, and the samples were studied at 25 or 80 ± 0.1 �C. For the
steady-shear experiments, sufficient time was allowed at each
shear rate to ensure that the viscosity reached its steady-state
value. For transmission electron microscopy (TEM) imaging, the
cured anhydride/epoxy samples were microtomed to ~ 80 nm
thickness at room temperature with a diamond knife. TEM images
were collected on a JEOL JEM-1230 transmission electron
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microscope at an accelerating voltage of 100 kV. Scanning electron
microscopy (SEM) was performed on a JEOL JSM-5600 SEM system
operated at 15 kV. The samples were coatedwith Pt before imaging.
The transparency test was conducted on an UV-vis spectroscope
(Perkin-Elmer Lambda 20 UV-vis spectrophotometer) and deter-
mined by the absorbance at the wavelength of 550 nm. The thick-
ness of the samples was 20 mm.
Fig. 2. XRD data of Naþ-MMT, POP2000, MMT-POP2000-70 organoclay, MMT-
POP2000-70 in cured anhydride/epoxy (1:100 phr), and MMT-POP2000-70/YAG in
cured anhydride/epoxy (1:5:100 phr).
3. Results and discussion

3.1. Structure and properties of intercalated silicate clays

Fig. 1 illustrates the preparation of organoclays by the interca-
lation of various poly(oxyalkylene) amine salts and fatty amine
salts into sodium montmorillonite (Naþ-MMT). The intercalated
agents, including hydrophobic poly(oxypropylene) (POP) diamines,
fatty amine (C12-, C14- and C18-amine), and hydrophilic poly(oxy-
ethylene) (POE) diamines, were treated with hydrochloric acid,
which allows the ionic exchange reaction with the silicate clays to
form the organoclays as listed in Table 1. The pristine clays are
hydrophilic in nature and tend to swell in water. After the modifi-
cation by the intercalated agents, all the organoclays became
dispersible in organic solvents, such as toluene, methanol, and
isopropanol.

We used X-ray diffraction (XRD) to determine the interlayer d-
spacing of the clays with and without the intercalation of organic
agents. The XRD data are shown in Fig. 2. The d-spacing of pristine
Naþ-MMT is ~12 Å estimated from the diffraction peak. Since
POP2000 alone does not reveal any diffraction peak, the diffraction
peaks of the representative organoclay MMT-POP2000-70 should
result from the layer structure of the organoclay, and the d-spacing,
determined from the first order peak, is expanded to 52 Å, indic-
ative of the successful intercalation of POP2000 agent into the clay.
Furthermore, the data show clear high order Bragg’s peak up to
n ¼ 4, implying a highly regular stacking of the POP2000-
intercalated silicate clays. The d-spacings of all the organoclays
are listed in Table 1. All the intercalated agents can expand the d-
spacing, among which POP2000 is the most efficient one. The
thermogravimetric analysis (TGA) profile of the representative
organoclay MMT-POP2000-70 is shown in Fig. 3. The 5% weigh loss
Fig. 1. Intercalation of organic agents into Na
occurs at 234 �C, much higher than the curing temperature of the
resins at 120 �C, and thus can ensure that the organoclays are
thermally stable during the fabrication process.

3.2. Rheological properties of MMT-POP2000-dispered resins

We have examined the rheology of all the intercalated agents
and found that only the POP2000-modified organoclays, MMT-
POP2000, can significantly enhance the viscosity of anhydride/
epoxy resins and transform the resins from Newtonian to non-
Newtonian fluid. The efficiency of the MMT-POP2000-based dis-
persants to enhance the viscosity is dependent on the inorganic/
organic weight ratio (Ri/o). Fig. 4 shows the viscosity data as a
function of shear rate for the resins with 1 phr MMT-POP2000 at
different Ri/o. Among the MMT-POP2000 dispersants, the most
efficient one to increase viscosity is the organoclay at Ri/o ¼ 30/70
þ-MMT through ionic exchange reaction.



Fig. 3. Thermogravimetric analysis (TGA) of MMT-POP2000-70 organoclay.

Fig. 4. Viscosity of anhydride/epoxy resins with 1 phr MMT-POP2000 organoclays of
varying inorganic/organic weight ratio (Ri/o) as a function of shear rate.

Fig. 5. Viscosity of anhydride/epoxy resin, and the resin with 1 phr POP2000 and 0.5,
1.0, and 2.0 phr MMT-POP2000-70 organoclay as a function of shear rate at 25 �C.

Fig. 6. Viscosity of anhydride alone and anhydride/epoxy resins with 1 phr MMT-
�
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(CEC ratio¼ 1), MMT-POP2000-70, followed by the one at Ri/o¼ 40/
60, MMT-POP2000-60, especially in the range of low shear rate
where the viscosity is increased by more than one order of
magnitude. Other MMT-POP2000 organoclays can also enhance the
viscosity, but not as much as the above two organoclays can. Since
YAG particles are so large that tend to agglomerate or precipitate in
low-viscous liquid media, MMT-POP2000 organoclays that can
work as efficient thickening agents are capable of lowering the
mobility of YAG particles tomaintain a fine dispersion of YAG in the
resin for a sufficiently long time. In the following results and dis-
cussion, we will focus the influence of MMT-POP2000-70 organo-
clay on the rheological properties of the anhydride/epoxy resin.

The dependence of the viscosity on shear force in anhydride/
epoxy systemwith andwithout the addition of theMMT-POP2000-
70 organoclay are compared in Fig. 5. The normal formulation of
anhydride/epoxy at 1/1 equivalent ratio exhibits a low viscosity and
a Newtonian behavior at 25 �C, i.e. a viscosity independent of shear
rate. The viscosity of the anhydride/epoxy resin with 0.5 phr of
MMT-POP2000-70 is slightly increased and the resin remains
Newtonian. By adding 1.0 phr MMT-POP2000-70 organoclays into
the resin, the viscosity is drastically increased from 120 cP to
1500 cP at low shear rate between 10�2 ~ 10�1 1/s. When the shear
rate is increased to 100 1/s, the viscosity is greatly decreased to
200 cP, i.e. a typical non-Newtonian shear thinning behavior. By
adding more organoclays with 2.0 phr, the viscosity is further
enhanced to 3000 cP at low shear rate. The addition of more
organoclays can further increase the viscosity but more organo-
clays lowers the transparency of the cured epoxy, which is unfa-
vorable for the LED packing application. The control experiment in
Fig. 5 shows that 1 phr POP2000 agent is unable to significantly
affect the viscosity of the anhydride/epoxy resin.

MMT-POP2000-70 organoclays are found to be an efficient
thickening agent in anhydride by itself without the epoxy, implying
anhydride is the key component in the anhydride/epoxy resin
responsible for the viscosity enhancement. In anhydride, the
addition of organoclays increases the viscosity to 2000 cP at low
shear rate, followed by a decrease to 100 cP at high shear rate at
25 �C as shown in Fig. 6. The trend is similar to that of the anhy-
dride/epoxy resin. Since anhydride alone without organoclays ex-
hibits a Newtonian behavior, it is apparent that the increase of
viscosity and the shear thinning behavior result from the interac-
tion between the organoclays and anhydride molecules. Note that
the organoclays are unable to disperse in epoxy alone without
POP2000-70 organoclay as a function of shear rate at 25 and 80 C.



Fig. 7. Schematic of the processing and the homogenous dispersion of YAG in the presence of MMT-POP2000 organoclays.
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anhydride possibly because the solvent quality of epoxy to
POP2000 is not as good as that of anhydride due to the high mo-
lecular weight of epoxy that reduces the mixing entropy of
POP2000 and epoxy.

The rheological thickening behavior caused by the organoclays
is also seen at 80 �C both in anhydride and anhydride/epoxy sys-
tem, as shown in Fig. 6. At 80 �C, the organoclays can still well
disperse in the resins and the addition of organoclays brings about
the same behavior of viscosity change at 25 �C. It is worth noting
that at 80 �C, the viscosity in anhydride/epoxy system is higher
than that at 25 �C in the whole shear rate range of measurement.
This is unusual because viscosity generally decreases with
increasing temperature. There are two possible factors that may
give rise to the enhancement of the viscosity with increasing
temperature in this system. One is that the anhydride/epoxy resin
could have been partially crosslinked at 80 �C to form larger mol-
ecules that cause an irreversible viscosity increase. This argument,
however, can be ruled out because the viscosity restores when the
temperature is cooled down from 80 to 25 �C. The other is that the
spatial distribution of organoclays in anhydride/epoxy resin is
temperature-dependent and a high temperature leads to a struc-
ture that favors high viscosity, which we suggest to be the real
factor responsible for this behavior. The detailedmechanismwill be
discussed later in this paper. This unusual rheological property is in
fact advantageous for the dispersion of phosphorescent phosphor
powders in cured epoxy because the powders can be more stably
dispersed in the resin at curing temperature because of the higher
viscosity.

3.3. YAG dispersion in MMT-POP2000 resin

The capability of the organoclays for dispersing YAG particles,
hYAG, in the anhydride/epoxy resin is summarized in Table 1. hYAG is
defined as the maximum phr ratio of YAG to organoclay at which
YAG particles can be homogeneously dispersed in cured epoxy. The
dispersion capability of MMT-POP2000 increases with the effi-
ciency of the organoclays to enhance the viscosity of the resins, as
compared with the viscosity data shown in Fig. 4. Among these
dispersants, the most capable one is MMT-POP2000-70 organoclay.
Loading 1 phr of this organoclay to the resin can well disperse
10 phr YAG. As expected, MMT-POP2000-60 that can greatly
thicken resins also performs well in dispersing YAG, hYAG ~8. For
those unable to significantly increase the viscosity, YAG particles
tend to precipitate after curing. This confirms that the viscosity is
the key factor for dispersing YAG particles.

3.4. Mechanism

POP2000 alone can dissolve in the anhydride/epoxy resin but is
unable to significantly increase the viscosity at 1 phr (Fig. 5). This is
because the anhydride/epoxy resin is a good solvent for POP2000,
and in a good solvent, polymer chains tend to repel one another due
to the steric effect. The energy barrier for the POP2000 chains to
diffuse in the resin is low in the presence of such a repulsive
interaction between chains, and the enhancement of the viscosity
is thus limited. Pure Naþ-MMT is unable to disperse in the anhy-
dride/epoxy resin and therefore large aggregates of Naþ-MMT
precipitate out from the resinwithout an influence on the viscosity.
When POP2000 intercalates into Naþ-MMT and modify the clay
surface, the aggregation of the organoclays can then be prevented
through the steric repulsion of the grafted POP2000 in the resin.
However, since the organoclays are not fully exfoliated but each
contains 8e10 sheets in average, the attraction force between the
large organoclay stacks in the resin is considerable and should play
a role on the rheological property of the resin. We suggest that for
MMT-POP2000 organoclays at the inorganic/organic weight ratio of
30/70 and 40/60, the balance between the attraction force of MMT
clays and the repulsion force of POP2000 chains leads to a weak
attractive interaction between MMT-POP2000 organoclays in the
resin. The attraction force is not strong enough to cause a severe
aggregation of the organoclays but is able to allow the organoclays
to form weak networks that increase the friction between orga-
noclays. The viscosity is thus enhanced. The weak networks are
rather stable at low shear rate but gradually disassemble when
shear rate is increased, which explains the shear-thinning behavior
observed for MMT-POP2000-70 and MMT-POP2000-60 organo-
clays (Fig. 4).

The organoclays cannot be dispersed in epoxy alone, implying
that the epoxy in anhydride/epoxy resin plays an adverse role in
dispersing MMT-POP2000 organoclays in the resin. At elevated
temperature, this adverse effect is weakened because the increase
of the entropic contribution promotes mixing. In other words,
MMT-POP2000 organoclays can disperse more uniformly and form
a denser network in anhydride/epoxy resin at high temperature,



Fig. 8. (a) TEM image of the cured anhydride/epoxy with 1 phr of MMT-POP2000-70,
and SEM images for YAG dispersion in the anhydride/epoxy cured sample at (b) MMT-
POP2000-70:YAG:anhydride/epoxy ¼ 1:5:100 and (c) MMT:YAG:anhydride/
epoxy ¼ 1:5:100 by weight.

Fig. 9. Comparison of the transparency for the cured anhydride/epoxy films without
and with 1 and 2 phr MMT-POP2000-70 organoclay.

Fig. 10. (a) Cured film at MMT-POP2000-70:YAG:anhydride/epoxy ¼ 1:5:100 by
weight and (b) light emitting test for the film.
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which is why the viscosity at 80 �C is higher than that at 25 �C
(Fig. 6). The high viscosity reduces the motion of YAG particles and
the well-dispersed state can last longer than the time required for
curing. YAG particles can therefore homogeneously distribute in
the crosslinked epoxy after curing.

The shear-thinning behavior of the MMT-POP2000 organoclay-
based resin provides another advantage for processing. Since the
viscosity is low at high shear rate, the YAG particles can be easily
dispersed in the resin under high-speed stirring with a low energy
consumption. The well-dispersed YAG particles after vigorous
stirring can be fixed at rest for curing due to the quick and pro-
nounced enhancement of the viscosity, as illustrated in Fig. 7. As
described in the preceding section, the viscosity at 80 �C can be
further enhanced compared to that at 25 �C (Fig. 6). In other words,
the dispersion of YAG particles can be even more stable at curing
temperature, which further facilitates the epoxy packing of LED
with uniform YAG particles.
3.5. Structure and properties of cured epoxy

The TEM image of the cured anhydride/epoxy with 1 phr of
MMT-POP2000-70 is shown in Fig. 8(a). A locally dispersed orga-
noclays without a large-scaled aggregation can be seen. Such a
dispersion caused by the weak attractive interactions between the
organoclays is suggested to be the origin for the thickening
behavior of the resin. The homogeneity of YAG particles in the
cured anhydride/epoxy resin was examined by SEM. Fig. 8(b) and
(c) compare the distribution of 5.0 phr YAG in the cured samples in
the presence of 1.0 phr MMT-POP2000-70 organoclay and pure
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Naþ-MMT. In Fig. 8(b), the YAG particles are uniformly distributed
in the whole sample cured from the high viscosity resin caused by
MMT-POP2000-70 organoclay as an efficient thickening agent, in
contrast to the formation of YAG clusters in the control experiment
shown in Fig. 8(c) where the resin is mixed with 1.0 phr pure Naþ-
MMT which has no significant effect on the rheological properties
of the resin. The XRD profiles of MMT-POP2000-70 in cured an-
hydride/epoxy with and without YAG particles are shown in Fig. 2.
No distinct diffraction peak is observed for both cases, which may
be due to the low content of MMT-POP2000-70 in the samples.

There is a concern about losing transparency of cured epoxies
after addition of organoclays into the resin. The maintenance of a
high transparency in packing materials is necessary for LED light
bulbs. The transparency was determined by UV-vis transmission at
the wavelength of 550 nm and the transmission of pure anhydride/
epoxy film is set to be 100%. After loading 1 and 2 phr of MMT-
POP2000-70 in the resins, the transmission of the cured films
slightly drops to 95% and 88%, respectively. The transparency of the
two films with MMT-POP2000-70 is compared with that of pure
anhydride/epoxy film in Fig. 9. Only a slight loss of transparency is
observed for the films with organoclays. The anhydride/epoxy with
1 phr MMT-POP2000-70 can well disperse YAG particles and
simultaneously maintains a high transparency of 95% without a
serious interference of light, indicating that the organoclay is a
good dispersant for LED packing.

Lastly, the cured anhydride/epoxy film containing 5.0 phr YGA
and 1.0 phr MMT-POP2000-70 was used for light emitting test. The
yellowish film with well-dispersed YGA particles is shown in
Fig. 10(a). When a blue light irradiates through the film, the blue
light mixes with the yellow light of YAG to generate pseudo white
light, as displayed in Fig. 10(b). The test confirms the feasibility of
this packing material for white LED illumination application.

4. Conclusions

We have developed a new class of POP-intercalated layered
silicate clays capable of homogeneously dispersing phosphorescent
phosphor powders in epoxy that provides the required properties
for LED packing. The organoclays intercalated by poly(-
oxypropylene) diamines behave as a rheology modifier to enhance
the viscosity of anhydride/epoxy resins and to cause a shear thin-
ning behavior, which in turn facilitates the dispersion of YAG par-
ticles in resins. As a result, the inherent agglomeration of YAG
particles in resins can be avoided during the curing process through
the rheological control for the high viscosity and the shear thinning
properties. A cured composite epoxy with homogeneously
dispersed YAG particles can thus be obtained. Furthermore, the
organoclays can impart good mechanical property and thermal
stability to the epoxy without the deterioration of light trans-
parency. The organoclays demonstrate an excellent capability to
disperse yellowish YAG particles in the epoxy curing system and are
promising for packing of blue LED aiming at the application of
white LED illumination devices.
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