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Flame retardancy of polylactic acid (PLA) was improved by dual use of aluminum hydroxide (AH) and
phenol resin as safe flame retardants to allow PLA to be widely applied in durable products including
electronic devices. Adding more than 50 weight-percent (wt%) of a specific AH which contains a low
concentration of alkali elements sufficiently improved the flame retardancy of PLA. However, other
important characteristics of the resulting PLA composites, such as flexural strength and fluidity, were
decreased owing to the high concentration of AH. On the other hand, the simultaneous addition of
phenol resins (including phenol novolac resin and tri-phenol methane resin) and the specific AH
improved the flame retardancy of the PLA composites. This enhancement effect on flame retardancy,
which was mainly due to the formation of homogeneous char layers produced by the phenol resins on
the surface of the PLA composites during combustion, permitted the specific AH concentration to be
reduced, thereby improving these characteristics of the composites. In particular, a high-molecular-
weight phenol novolac resin (HMw PN resin) showed highly flame-retarding effect. While using
phenol resins adversely affected the action of an organic crystalline nucleus agent for PLA, the use of
HMw PN resin improved the problem because its concentration in the PLA composite was reduced due to
its highly flame-retarding effect.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Bioplastics originated from plant resources have been watched
with keen interest as one of the most promising materials for
preventing the continuing drain on petroleum resources and for
their anchoring effect on emission of carbon dioxide. Endeavors to
reduce the environmental load of products by replacing petroleum-
based plastics with bioplastics have been attempted in various in-
dustrial fields. Even among bioplastics, polylactic acid (PLA) shows
relatively high mechanical strength and heat resistance [1] and is
produced in bulk [2]. In regard to materials for casings of durable
products including electronic devices, replacing petroleum-based
plastics with PLA has been attempted. Some kinds of PLA com-
posites have already been put to practical use in products that do
not require high flame retardancy, such as casingmaterials for a few
kinds of mobile phones [3]. To apply PLA to casing materials of
medium-size electronic products such as personal computers, the
high flame retardancy of the PLA composites is required to prevent
burning derived from these products. However, while maintaining
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high biomass content in the resin part of the PLA composites
including flame retardants and other additives, achieving high
flame retardancy of the composites has been very difficult. For
example, flame-retarding polycarbonate (PC)/PLA alloy composites
have already been put to practical use [4]. These alloy composites
mainly consist of PC (which is originated from petroleum materials
and shows high flame retardancy), PLA, and phosphorous-type
flame retardants. These alloy composites contain high concentra-
tions of the petroleum-based resin; therefore, their biomass con-
tents are very low, i.e., under 50 weight-percent (wt %) in the resin
parts (organic materials) in the composites.

We investigated how to achieve high flame retardancy of PLA
composites while maintaining high biomass content in the resin
parts by using a safe metal hydroxide such as aluminum hydroxide
(AH) (which is one kind of soil components). The flame-retarding
mechanism of AH is twofold: absorption of heat and dilution of
combustible gas by generating water vapor during its decomposi-
tion [5]. AH has been used as a flame retardant for various resin
compounds used in printed wiring boards [6] and covering cables
[7]. Furthermore, pyrolysis of AH starts in the range of temperature
from 200 to 250 �C, which is nearly equal to that of PLA. Therefore,
we thought that AH is suitable for inhibiting decomposition of PLA
at the beginning of combustion.
ctic-acid composite formed by dual use of aluminum hydroxide and
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However, to achieve high flame retardancy of PLA composites
by using AH only, a high concentration of AH is needed. As a result,
characteristics such as flexural strength, flexural strain, fluidity,
and impact strength of the PLA composites are degraded. Thereby,
to improve these characteristics by reducing the amount of AH, we
have studied dual-use of AH and phenol resins as a flame-
retarding aid. When heated, phenol resins containing aromatic
hydrocarbons produce phenyl ethers and furan rings after the
dehydrogenation by condensation of two hydroxyl groups in the
resins, and then easily form char precursors with high molecular
weights [8]. These chars show excellent flame retardancy [9].
Accordingly, we consider that adding phenol resin to PLA can
make a flame-retarding layer mainly consisting of char over the
ignited surface of the PLA composites, thereby inhibiting the
combustion of the composites and aiding the flame-retarding ef-
fect by AH. In past studies, the flame retardancy of ABS was
improved by dual-use of acrylonitrile-butadiene-styrene (ABS)
resin and phosphorous-type flame retardant [10]. Furthermore,
there is an example of dual-use of a metal hydroxide (magnesium
hydroxide) and a char former (melamine) for polypropylene resin
[11]. However, such a dual-use effect in the case of PLA has not
been reported.

In recent studies, nanocomposite-technology was applied to
improve flame retardancy of polymer [12]. However, this flame
retardancy was not examined by UL94 vertical method and was
only estimated by a specific radiant-heating gasification appa-
ratus which measured mass loss rates and temperatures of a
sample exposed to a fire-like heat flux in a nitrogen atmosphere
(no burning). Therefore, the effect of nanocomposite to improve
flame retardancy of PLA examined by UL94V method was not
clear.

In this study, aiming to select an appropriate AH for attaining
high flame retardancy examined by UL94 vertical method, firstly,
we controlled hydrolysis of PLA by reducing alkalis contained in AH
and then examined the flame retardancy and other characteristics
of the PLA composites containing a specific AH with a low alkali
content. Secondly, we investigated the effect of dual-use of the
specific AH and phenol resins; some representative phenol resins
were evaluated from the viewpoint of difference in their flame-
retarding effect. In particular, we estimated the amounts of yiel-
ded chars when the phenol resins ignited and the resins’ dis-
persibilities in PLA. Finally, we identified an issue of decrease in the
action of an organic crystalline nucleus agent for PLA by adding the
phenol resins, and took measures to improve it by adding a small
amount of a high molecular weight of phenol novolac resin which
shows highly flame-retarding effect.

2. Material and methods

2.1. Material

Polylactic-acid (PLA; product name: TE-4000; Mw: 150,000;
poly-L-lactic acid ¼ 98.6 mol%; Tm ¼ 170 �C) manufactured by
UNITIKA LTD (Japan) was used for the base material. Three kinds of
aluminum hydroxides manufactured by Showa Denko K. K. (Japan)
were selected as flame retardants. Two kinds (product names: H-32
and H-421) were used as conventional aluminum hydroxides. The
other kind (product name: HP-350) was used as a low-alkali-
content aluminum hydroxide. These three aluminum hydroxides
individually contain 0.22, 0.29 or 0.04 wt% of alkali impurities in
Na2O. The average diameters of the aluminum-hydroxide particles
used are 3.4, 1.0, and 3.9 mm, respectively. The phenol resins used
for flame-retarding aids were manufactured by Meiwa Plastic
Industries, Ltd (Japan) and listed in Table 1, which were catechol
resin (C resin; product name: C-105), tri-phenol methane resin
Please cite this article in press as: Kiuchi Y, et al., Flame-retarding polyla
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(TPM resin; product name: MEH-7500), phenol novolac resin
(PN resin; product name: HF-4M; Mn ¼ 580), phenol-p-xylene
resin (PX resin; product name: MEH-7800), and phenol bipheny-
lene resin (PB resin; product name:MEH-7851). Furthermore, high-
molecular-weight phenol novolac resin (HMw PN resin; product
name: PAPS-PN70; Mn ¼ 2156) manufactured by Asahi Organic
Chemicals (Japan) was used for a flame-retarding aid. Polytetra-
fluoroethylene (PTFE; product name: FA500; manufactured by
Daikin Industries, Ltd. (Japan)) was used as an anti-dripping agent,
to which was added 0.5 wt% of all PLA composites in this study.
N,N0-ethylenebis 12-hydroxystearylamide (product name: ITOH-
WAX J-530; manufactured by Itoh Oil Chemicals Co., Ltd. (Japan))
was used as an organic crystalline nucleus agent for PLA.

2.2. Blending

PLA, aluminum hydroxides, and PTFE were dried at 105 �C for
7 h before using. These dried materials were pre-blended with
phenol resins. The blends were kneaded in a twin extruder
(product name: S1 kneader; manufactured by Kurimoto, Ltd.
(Japan)) at 190 � 5 �C. After that, the kneaded materials were
pelletized.

2.3. Injection molding

Test specimens (128 (length) by 13 (width) by 3.2 or 1.6 mm
(thickness)) were prepared from the pelletized materials (pellets)
by using an injection-molding machine (product name: EC20P;
manufactured by TOSHIBA MACHINE CO., LTD. (Japan)). The tem-
perature of molten pellets was 190� 5 �C, and that of the mold was
25� 5 �C. These test specimens were heated at 105� 5 �C for 4 h to
complete the crystallization of PLA in them. Furthermore, when the
crystalline nucleus agent was added to the blends, the temperature
of the mold was set at 105 � 5 �C, and the specimens were held in
the mold for 60 s in order to finish the crystallization of PLA in
them.

2.4. Measuring degree of crystallization

The degree of crystallization in the specimens with the crys-
talline nucleus agent was measured. To calculate the degree of
crystallization, the enthalpy of fusion and the exothermic enthalpy
(which measured by differential scanning calorimeter (DSC) 6200
manufactured by Seiko Instruments Inc. (Japan)) were used. From
the following formula, the degree of crystallization was calculated
from the enthalpy of fusion of infinite lamella size (namely, 93 J/g
[13]), the enthalpy of fusion of the specimens, DHm (J/g), and
crystallization enthalpy, DHc (J/g).

Degree of crystallization: x (%) ¼ 100 � (DHm�DHc)/93

2.5. Flame-retarding test

Flame retardancy of the specimens with 1.6-mm thickness was
estimated by UL (Underwriter Laboratories Inc. (United States)) 94
vertical-burning test. The test results were judged in the order of
superior flame retardancy, namely, ratings V-0 (total flaming time
of five test pieces was under 50 s, and the cotton under the
dripping test pieces is not allowed to burn), V-1 (total flaming
time of five test pieces was under 250 s, and the cotton under the
dripping test pieces is not allowed to burn) and V-2 (total flaming
time of five test pieces was under 250 s, and the cotton under the
dripping test pieces is allowed to burn). In addition, anything
burning over 250 s was judged as “NOT” rating in terms of flame
ctic-acid composite formed by dual use of aluminum hydroxide and
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Table 1
Structures of tested phenol resins.

Phenol resin Chemical structure Hydroxyl
equivalent

Softening
temperature (�C)

Catechol resin (C resin) 60 106

Phenol aralkyl resin (Tri-phenol methane resin: TPM resin) 97 110

Phenol novolac resin (PN resin) 107 108

High-molecular-weight Phenol novolac resin (HMw PN resin) 107 155

Phenol aralkyl resin (Phenol p-Xylene resin: PX resin) 175 60

Phenol aralkyl resin (Phenol biphenylene resin: PB resin) 229 127
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retardancy. Incidentally, as for casing materials for electronic
products, high flame retardancy, namely, V-1 rating or better is
demanded.

2.6. Other properties

Fluidity was estimated by using a spiral-flow mold with 1-mm
thickness. The temperature of molten pellets was 190 � 5 �C, and
that of the mold was 25� 5 �C. The injection pressure was 118 MPa,
and injection speed was 100 mm/s. Heat distortion temperatures
(HDT) of the specimens with 3.2-mm thickness were measured in
accordance with ISO 75-2:2004 by using an HDT testing machine
(product name:TM-4126; manufactured by Ueshima Seisakusho
Co., Ltd. (Japan)). These HDT tests were done in the edgewise at the
pressure of 1.8 MPa at a heating rate of 2 �C/min at 100-mm span.
Bending tests on the specimens with 3.2-mm thickness were done
in accordance with ISO 178 by using an Instron 5567 universal
testing machine manufactured by Instron (United states; cross-
head speed: 1.6 mm/min; span: 50 mm). Izod impact tests on
notched specimens with 3.2 mm thickness were done in accor-
dance with ISO 180 by using a Universal Impact Tester C1, manu-
factured by Toyo Seiki Seisakusho, Ltd. (Japan; pendulum: 2.75 J;
upswing angle: 150�). Molecular weight of PLA in terms of poly-
styrene was measured by gel permiation chromatography (liquid
chromatograph; product name: LC-10ADvp; manufactured by
SHIMADZU (Japan)) with columns for chloroform (product name:
GPC-80MC, GPC-80M, GPC-8025C; manufactured by SHIMADZU).
Thermo-gravimetric analysis was done by using TG/DTA 6200
(manufactured by Seiko Instruments Inc. (Japan)) at a heating rate
of 10 �C/min under 0.2 l/min of N2 gas. External appearance of
ignited samples and dispersibilities of phenol resins in PLA were
observed by using a light microscope (product name: DIGITAL
MICROSCOPE VHX-500; manufactured by KEYENCE (Japan)).
Please cite this article in press as: Kiuchi Y, et al., Flame-retarding polyla
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3. Results and discussion

3.1. Flame retardancy of PLA composites with aluminum hydroxide

Aluminum hydroxide (AH) contains alkali impurities, such
as sodium hydroxide (NaOH), used as a raw material in the
manufacturing process of AH. These alkali impurities will accel-
erate the hydrolysis of PLA when it is kneaded or molded [14].
Therefore, the changes in molecular weight of PLA were investi-
gated when it was mixed with the three kinds of AH (with different
contents of alkali impurities). As shown in Fig. 1, using the AH with
the lowest concentration of alkali impurities inhibited the decrease
in molecular weight of PLA. The AH with the lowest alkali con-
centration was thus used in the following investigation on flame
retardancy.

Furthermore, Fig. 1 shows that the Mn value of PLA became
almost half even though the Mw did not much decrease in the
presence of AH with 0.22wt% of alkali impurities in Na2O. We
consider that low molecular weights of PLA easily decomposed in
the presence of AHwith 0.22wt% of alkali impurities. As a result, the
number of lower molecular weights of PLA increased.

The results concerning the flame retardancy of the PLA com-
posites with the low-alkali-content AH are shown in Fig. 2. As can
be seen, addition of over 49.5 wt% AH produced PLA composites
with high flame retardancy (which was classed as UL94 V-1 rating).
However, such a large amount of AH had negative influence on
flexural strength, flexural breaking strain, impact strength, and
fluidity of the PLA composites (as shown in Table 2). According to
Table 2, only 5 wt% differences in the content of AH gave a pro-
found effect on the flame retardancy of the composites (the in-
crease from 44.5% to 49.5% changed the flame retardancy from NOT
to V-1). This 5 wt% of AH gave increases in melt viscosity, endo-
thermic energy amount and water vapor content when ignited the
ctic-acid composite formed by dual use of aluminum hydroxide and
/10.1016/j.polymdegradstab.2013.05.013



Table 2
Characteristics of PLA composites.

Characteristics Composition (weight %)

PLA 100 55 50 50 45 45

Aluminum hydroxide (AH) 44.5 49.5 44.5 49.5 44.5

PN resin 5 5 10

Polytetra-fluorethylene 0.5 0.5 0.5 0.5 0.5

Flame
retardancy

UL94V 1.6 mmt NOT NOT V-l V-l V-0 V-0
Total after-flame time (s) 80 44 12 5

Mechanical
properties

Flexural strength (MPa) 124 62 57 92 93 91
Flexural modulus (GPa) 4.1 8.0 8.8 9.2 9.6 9.6
Maximum strain (%) 3.5 1.0 0.7 1.1 1.0 1.0

Impact
strength

Notch IZOD (kJ/m2) 4.0 1.7 1.6 1.6 1.4 1.7

Fluidity Spiral flow (L/T) 195 97 90 114 106 136
Heat resistance HDT (1.8 MPa; �C) 66 79 91 82 84 71

Fig. 1. Molecular weight of PLA in PLA/aluminum hydroxide (AH) composite (AH
concentration in composite: 50 wt%).
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composite with 49.5% of AH. It is likely that the melt viscosity, the
endothermic energy amount and thewater vapor content exceeded
the critical point of changing the flame retardancy fromNOT to V-1.
3.2. Improving flame retardancy of PLA composites by dual use of
aluminum hydroxide and phenol resins

To prevent degradation of the properties of PLA composites
when a large amount of AH is used, we investigated dual use of the
low-alkali-content AH above mentioned and representative phenol
resins with various structures to improve flame retardancy. As
shown in Table 3, all the kinds of phenol resins tested, except
phenol-p-xylene (PX) resin, showed flame-retarding effect. When
only 44.5 wt% of AH was used, the flame retardancy of the PLA
composite was insufficient (“NOT” rating). On the other hand,
the dual use of the low-alkali-content AH and the phenol resins
Fig. 2. Effectiveness of flame retardancy of PLA by adding AH and PN resin.
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(except PX resin) improved the flame retardancy of the PLA com-
posites, which satisfied UL 94 V-1 rating. Therefore, the amount of
the low-alkali-content AH was decreased by 5 wt% compared with
the use of the above AH alone. Furthermore, using PN resin and
TPM resin among the phenol resins brought outstanding flame
retardancy.

Photographs of self-extinguished specimens, which were tested
by UL 94 vertical burning test, are shown in Fig. 3. The PLA com-
posite with 49.5-wt% AH formed almost no char in the burning
area, while the PLA composites with both of the low-alkali-content
AH and the phenol resins formed chars originated from these
phenol resins. As shown in Fig. 4, the inner parts of chars were
foamed by mainly volatilization of the water in AH.

To examine the flame-retarding effect of the phenol resins,
thermogravimetric analysis (TGA) was performed on the phenol
resins in order to compare the amounts of formed chars. As shown
in Table 3 and Fig. 5, the phenol resins are arranged in descending
order of the amounts of chars formed, namely, PB resin, PN resin,
TPM resin, C resin, and PX resin. Before starting TGA, we expected
that the PLA composites that are able to form larger amounts of
chars originated from the phenol resins would show higher flame
retardancy [9]. However, the flame retardancy of the PLA composite
with PB resin that formed the largest amount of a char was inferior
to those of PN resin, TPM resin, and C resin.

Given the above result, for improving flame retardancy by
forming char, we considered that the homogeneity of char had
enhancing effect on flame retardancy. Therefore, the dispersibilities
of the phenol resins in PLA were investigated. As shown in Fig. 6,
the phenol resins with medium amounts of hydroxyl group (OH),
namely, PN resin, TPM resin, and PX resin, showed high dis-
persibilities in PLA. In contrast, PB resin with a small amount of OH
or C resin with a large amount of OH showed low dispersibilities in
PLA, resulting in larger dispersion particle sizes than those of the
others. From these results, it is cleared that the differences in the
polarities of the phenol resins affect their dispersibilities in PLA.
Table 3
Flame retardancy of PLA composites.a

Tested phenol
resin

Dispersion phase
in PLA

Amount
of char (%)

Flame retardancy

UL94V
1.6 mmt

Total after the
flaming time (s)

C resin Hetero-geneous 28 V-l 85
TPM resin Homo-geneous 36 V-l 37
PN resin Homo-geneous 38 V-l 44
PX resin Homo-geneous 24 NOT e

PB resin Hetero-geneous 53 V-l 115

a PLA: 50 wt%; AH: 44.5 wt%; Phenol resin: 5 wt%.

ctic-acid composite formed by dual use of aluminum hydroxide and
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Fig. 3. Self-extinguished PLA composites: (a) AH 49.5 wt%, (b) C resin 5 wt% þ AH 44.5 wt%, (c) TPM resin 5 wt% þ AH 44.5 wt%, (d) PN resin 5 wt% þ AH 44.5 wt% and (e) PB resin
5 wt% þ AH 44.5 wt%.
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Consequently, the PLA composites including phenol resins with low
dispersibilities in PLA showed low flame retardancy regardless of
the large amounts of formed chars.

According to the above-described results, dual use of AH with
PN resin or TPM resin produced about the same level of high flame-
retarding PLA composites, which were results of the formation of
larger amounts of chars as well as the higher dispersibilities of
those resins in PLA than those of the other phenol resins. When the
PLA composites containing PN resin or TPM resin were ignited,
larger amounts of chars uniformly covered their ignited surfaces of
the PLA composites; consequently, they showed high flame
retardancy. As shown in Fig. 7, the uniformly covered char sup-
pressed the diffusion of decomposed gasses from the resin parts,
and, finally, a foamed layer was formed by both these decomposed
gasses and the volatile water from AH. This foamed layer was able
to play the role of a heat insulator [15,16], therefore, the PLA
composites showed high flame retardancy.

Finally, we selected the dual use of AH with PN resin and esti-
mated the other properties of the composites.
3.3. Other properties of PLA composites by dual use of aluminum
hydroxide and phenol resins

Other properties of the PLA composites with the low-alkali-
content AH and PN resin are listed in Table 2. By using 5 wt% of
PN resin, the flame retardancy, flexural strength, and fluidity of PLA
composites were improved. The high flexural strength is mainly
originated from the rigidity and resistance to deformation of aro-
matic rings in PN resin. The good fluidity is obtained from the high
dispersibility and low melt viscosity of PN resin in the PLA com-
posites. Furthermore, by decreasing the content of AH from 49.5 to
44.5 wt% by dual use of AH and PN resin, the fluidity, i.e., spiral flow,
of the PLA composite was increased by 8%. Accordingly, by dual use
Fig. 4. Cross-section image of self-extinguished PLA composite (PN resin: 5 wt%; AH:
44.5 wt%).
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of AH and PN resin and by decreasing the content of AH, this PLA
composite maintained the same level of flame retardancy and
achieved 25% higher spiral flow than that of a PLA composite with
AH alone.
3.4. Improvement of crystallization speed of PLA composites with
phenol novolac resins

Although the PN resins adversely affected the action of an
organic crystalline nucleus agent for PLA, a phenol novolac resin
with highmolecular weight (HMw PN resin) improved the problem
because its concentration in the PLA composite was able to be
reduced due to its highly flame-retarding effect.

Inorganic crystalline nucleus agents such as talc are widely used
[17] in PLA composites because PLA has low crystallization speed.
However the agents must be added over 5 wt% to PLA due to its
relatively insufficient effect, causing to decrease the mechanical
properties of PLA. In contrast, the use of organic crystalline nucleus
agents brings PLA’s high crystallization speed, while generally
maintaining its mechanical properties. Accordingly, we tested an
organic crystalline nucleus agent, called N,N0-ethylenebis 12-
hydroxystearylamide [18] originated from castor oil, which espe-
cially enhances crystallization speed of PLA in terms of high effi-
ciency with a small quantity. The crystallization of a PLA composite
including 1 wt% of the organic agent and 49.5-wt% AH was almost
finished (the degree of relative crystallinity was over 90%) under
Fig. 5. Thermo-gravimetric analysis of phenol resins (under N2 gas).

ctic-acid composite formed by dual use of aluminum hydroxide and
/10.1016/j.polymdegradstab.2013.05.013



Fig. 6. Dispersion of phenol resins in PLA (concentration: 10 wt%) (a) C resin, (b) PN resin (TPM resin, PX resin, and High Mw PN resin showed almost the same fine dispersions), and
(c) PB resin.

Fig. 7. Self-extinguishing mechanism in PLA composite.
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the condition of holding for 60 s in the mold at 105 � 5 �C (Table 4).
However, in the case of a PLA composite including 5-wt% PN resin,
1 wt% of the organic agent and 49.5-wt% AH, the crystallization of
PLA was retarded, namely the degree of relative crystallinity of the
PLA was about 54% under the same condition (Table 4).

This problem, namely, retarding the nucleation of the organic
crystalline nucleus agent by PN resin is able to be solved by
decreasing the amount of PN resin. However, the flame retardancy
of the PLA composite would be understandably deteriorated.
Accordingly, we applied a phenol novolac resinwith highmolecular
weight (HMw PN resin) with highly flame-retarding effect. Adding
Table 4
Characteristics of PLA composites with AH and phenol resins.

Properties Composition

PLA 49 44 48 44 48

Aluminum hydroxide (AH) 49.5 49.5 49.5 49.5 49.5

PN resin 5 1

HMw PN resin 5 1

Polytetra- fluorethylene 0.5 0.5 0.5 0.5 0.5

Organic crystalline nucleus
agent

1 1 1 1 1

Flame retardancy UL94V 1.6 mmt NOT V-l V-l V-0 V-0
Total after-flame time (s) 52 106 7 39

Degree of
crystallizationa

% 95 54 97 30 91

HDT at l.8 MPa �C 91 Db 89 Db 90

a Mold at 105 � 5 �C for 60 s.
b Hardly deformed when removed from the mold. It was impossible to measure

HDT.
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HMw PN resin greatly increased the flame retardancy of the PLA
composite compared with the usual low-molecular-weight phenol
resin (PN resin as above mentioned); only 1 wt% of HMw PN resin
brought the high flame retardancy of the PLA composite with 49.5-
wt% AH (Table 4). The high flame retardancy determined as UL 94
V-0 rating was produced because HMw PN resin uniformly dis-
perses in PLA and makes a larger amount of char than that of the
usual PN resin (Fig. 8). The increase in the amount of the char after
pyrolysis of HMw PN resin is due to the following reason. In the
process bywhich phenol novolac resins form chars, volatilization of
low-molecular-weight materials and reaction of condensed mate-
rials (due to the dehydrogenation of two hydroxyl groups) occur
simultaneously. In particular, HMw PN resin shows high melt vis-
cosity at high temperatures and forms a small amount of volatile
materials with low molecular weight. Consequently, the amount of
the char by using HMw PN resin was larger than that of the usual
PN resin with the low molecular weight.

As a result, the crystallization of the PLA composite with 1-wt%
HMw PN resin (1 wt% of the organic agent and 49.5-wt% AH) was
almost completed (namely, degree of relative crystallinity of over
90%) at the usual molding condition as above mentioned.

Other characteristics except the flame retardancy and fluidity of
the PLA composite with HMw PN resin were decreased by the
reduction of its amount. However, the most of characteristics* of
the PLA composite with 1-wt% HMw PN resin and 44.5-wt% AH
were superior to those of the PLA composite with only 44.5-wt% AH
as shown in Table 2 (*flexural strength: 75 MPa; flexural modulus:
8.5 GPa; melt flow rate: 100). The other characteristics (flexural
strain, impact strength and HDT) were almost the same as those of
the PLA composite with AH alone.
Fig. 8. Thermo-gravimetric analysis of phenol resins (under N2 gas).

ctic-acid composite formed by dual use of aluminum hydroxide and
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4. Conclusion

We improved flame retardancy of polylactic acid (PLA) by dual
use of aluminum hydroxide (AH) and phenol resin as safe flame
retardants to allow PLA to be widely applied in durable products
including electronic devices. The flame retardancy of PLA was
sufficiently improved by adding more than 50 weight-percent of a
specific AH which contains a low concentration of alkali elements,
whereas other important characteristics of PLA, such as flexural
strength and fluidity were reduced due to the large amount of AH.
Simultaneous addition of the specific AH and phenol resins
including phenol novolac resin improved the flame retardancy of
the PLA composites, which permitted the AH’s concentration to
be reduced, resulting in the improvement of these characteristics
of the PLA composites. Particularly, a high-molecular-weight
phenol novolac resin (HMw PN resin) produced high flame
retardancy of the PLA composites with a small quantity. Although
the use of phenol resins adversely affected the action of an
organic crystalline nucleus agent for PLA, the defect was
improved by the use of HMw PN resin because its concentration
in the PLA composites was reduced owning to its enhanced flame-
retarding effect.
References

[1] Tsuji H, Ikada Y. Physical properties of polylactides; in: current trends in
polymer science. In: DeVries KL, Hodge P, Ledwith A, McCall DW, North AM,
Paul DR, et al., editors. Editorial Advisory board, research trends. vol. 4; 1999.
p. 27e46, Trivandrum, India.

[2] Vink Erwin TH, Davies Steve, Kolstad Jeffrey J. The eco-profile for current
Ingeo polylactide production. Industrial Biotechnology 2010;6(4):212e24.

[3] Serizawa S, Inoue K, Iji M. Kenaf-fiber-reinforced poly (lactic acid) used for
electronic products. Journal of Applied Polymer Science 2006;100(1):618e24.
Please cite this article in press as: Kiuchi Y, et al., Flame-retarding polyla
phenol resin, Polymer Degradation and Stability (2013), http://dx.doi.org
[4] Kimura K, Horikoshi Y. Bio-based-polymers, FUJITSU Science. Technology
Journal 2005;41(2):173e80.

[5] Stinson John M, Horn William E. Flame retardant performance of a modified
aluminum trihydroxide with increased thermal stability. Journal of Vinyl
Technology 1995;1(2):94e7.

[6] Iji M, Kiuchi Y. Flame resistant glass-epoxy printed wiring boards with no
halogen or phosphorus compounds. Journal of Material Science: Materials in
Electron 2004;15(3):175e82.

[7] Canaud C, Visconte LLY, Nunes RCR. Mechanical and flammability properties
of ATH-filled EPDM compositions. Macromolecular and Materials and Engi-
neering 2001;286(7):377e81.

[8] Ouchi K. Infra-red study of structural changes during the pyrolysis of a
phenol-formaldehyde resin. Carbon 1966;4:59e66.

[9] van Krevelen DW. Some basic aspects of flame resistance of polymeric ma-
terials. Polymer 1975;16(8):615e20.

[10] Lee K, Yoon K, Kim J, Bae J, Yang J, Hong S. Effect of novolac phenol and
oligomeric aryl phosphate mixtures on flame retardance enhancement of ABS.
Polymer Degradation and Stability 2003;81(1):173e9.

[11] Weil ED, Lewin M, Lin HS. Enhanced flame retardancy of polypropylene with
magnesium hydroxide, melamine and novolac. Journal of Fire Science
1998;16(5):383e404.

[12] Liu M, Zhang X, Zammarano M, Gilman JW, Davis RD, Kashiwagi T. Effect of
montmorillonite dispersion on flammability properties of poly (styrene-co-
acrylonitrile) nanocomposites. Polymer 2011;52:3092e103.

[13] Fischer EW, Sterzel HJ, Wegner G, Kolloid ZZ. Investigation of the structure of
solution grown crystals of lactide copolymers by means of chemical reactions.
Polymer 1973;251:980e90.

[14] Makino K, Arakawa M, Kondo T. Preparation and in vitro degradation prop-
erties of polylactide microcapsules. Chemical and Pharmaceutical Bulletin
1985;33(3):1195e201.

[15] Ballistreri A, Montaudo G, Scamporrino E, Puglisi C, Vitalini D, Cucinella S.
Intumescent flame retardants for polymers. IV. The polycarbonateearomatic
sulfonates system. Journal of Polymer Science, Part A: Polymer Chemistry
1988;26(8):2113e27.

[16] Marchal A, Delobel R, Bras ML, Leroy J-M. Effect of intumescence on polymer
degradation. Polymer Degradation and Stability 1994;44(3):263e72.

[17] Kolstad JJ. Crystallization kinetics of poly(L-lactide-co-meso-lactide). Journal of
Applied Polymer Science 1996;62(7):1079e91.

[18] Nam JY, Okamoto M, Okamoto H, Nakano M, Usuki A, Matsuda M. Morphology
and crystallization kinetics in a mixture of low-molecular weight aliphatic
amide and polylactide. Polymer 2006;47:1340e7.
ctic-acid composite formed by dual use of aluminum hydroxide and
/10.1016/j.polymdegradstab.2013.05.013

http://refhub.elsevier.com/S0141-3910(13)00148-1/sref1
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref1
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref1
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref1
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref1
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref2
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref2
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref2
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref3
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref3
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref3
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref4
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref4
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref4
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref5
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref5
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref5
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref5
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref6
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref6
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref6
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref6
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref7
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref7
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref7
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref7
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref8
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref8
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref8
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref9
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref9
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref9
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref10
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref10
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref10
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref10
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref11
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref11
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref11
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref11
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref12
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref12
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref12
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref12
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref13
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref13
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref13
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref13
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref14
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref14
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref14
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref14
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref15
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref15
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref15
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref15
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref15
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref15
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref16
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref16
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref16
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref17
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref17
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref17
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref18
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref18
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref18
http://refhub.elsevier.com/S0141-3910(13)00148-1/sref18

	Flame-retarding polylactic-acid composite formed by dual use of aluminum hydroxide and phenol resin
	1 Introduction
	2 Material and methods
	2.1 Material
	2.2 Blending
	2.3 Injection molding
	2.4 Measuring degree of crystallization
	2.5 Flame-retarding test
	2.6 Other properties

	3 Results and discussion
	3.1 Flame retardancy of PLA composites with aluminum hydroxide
	3.2 Improving flame retardancy of PLA composites by dual use of aluminum hydroxide and phenol resins
	3.3 Other properties of PLA composites by dual use of aluminum hydroxide and phenol resins
	3.4 Improvement of crystallization speed of PLA composites with phenol novolac resins

	4 Conclusion
	References


