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Mechanical properties, thermal stability and optical properties of triacetyl cellu-
lose (TAC) films plasticized by three types of plasticizer, triphenyl phosphate
(TPP), biphenyldiphenyl phosphate (BDP) and a mixture of TPP and BDP have
been investigated in order to find the optimum plasticization condition for a pro-
tective film application in LCD. Mechanical properties such as modulus, tensile
strength and elongation at break, and thermal property were significantly distin-
guished according to the type of plasticizer. TPP worked as the most effective plas-
ticizer for TAC in the viewpoint of the mechanical properties. TAC=TPP showed
the largest increase in elongation at break and the biggest reduction in the glass
transition temperature at the same plasticizer level. However, TPP had the worst
thermal stability. A mixture of TPP and BDP achieved the compromising plastici-
zation to produce the moderate mechanical properties and thermal stability of
TAC films for protective film application in LCD.
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INTRODUCTION

Triacetyl cellulose (TAC) is one of the most common cellulose deriva-
tives in the fiber and textile industries, optical film for a polarizer
application in liquid crystal display (LCD) and cigarette filter tow
and is usually manufactured from cotton linters or high quality wood
dissolving pulps. It has been exclusively used as a protective film for
polarizing plate in LCD thanks to its high transparence, optical iso-
tropy, moderate mechanical properties, and good thermal stability
[1–4].

The most essential requirement for the protective film is optical
transmittance and optical isotropy, because optical anisotropy of the
protective film can make problems of retardation color of display,
and light leakage and bright dot error at the dark state. In addition,
TAC protective film has to prevent the uniaxially oriented PVA from
shrinking and to prevent the iodine or dyes from evaporation, so
that it needs moderate mechanical properties, and thermal and
dimensional stability [1,2].

TAC is a quite stiff resin because of its high glass transition tem-
perature around 200�C. So, it should be plasticized to meet the
requirement for the protective film application. Physical and mechan-
ical properties of TAC films are highly dependent of contents and types
of plasticizer [2,5]. However, few academic researches have been
reported because most studies on the TAC film have been carried
out by industry demand.

Phosphate derivatives such as triphenyl phosphate (TPP) are the
good candidate plasticizer for optical TAC film. Because they are eco-
logically friendly plasticizers and they can works as a flame retardant
at the same time. During thermal degradation, TPP generates pyro
phosphoric acid, which plays as heat transfer barrier [6].

In this study, mechanical properties, thermal stability and optical
properties of TAC films plasticized by three types of phosphate sys-
tems, triphenyl phosphate (TPP), biphenyldiphenyl phosphate (BDP)
and a mixture of TPP and BDP have been investigated not only in
order to understand the effect of the plasticizer, but also to find the
optimum plasticization condition for LCD applications.

EXPERIMENTAL

Materials

Neat TAC flake with Mw¼ 281,000 g=mol and Mw=Mn¼ 3.9 was
obtained from Eastman Kodak. Methylene chloride (99.99%) and
methanol (99.99%) used as a solvent were purchased from Sigma

Effect of Plasticization on Physical and Optical Properties 189/[2035]
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Aldrich. Triphenyl phosphate (TPP) and biphenyldiphenyl phosphate
(BDP) used as a plasticizer were purchased from Sigma Aldrich and
Hyosung Chemicals, respectively.

Film Preparation

TAC flakes and plasticizers were dissolved in a mixed solvent of
methylene chloride and methanol in 9 to 1 ratio. The TAC solution
was filtered with a mesh SUS filter in order to remove impurities
and aged for 2 days before casting, The TAC dope solution was cast
on the glass using a bar coater and then dried via three steps; in first
2 hour drying at the room temperature and then 20 minute drying at
80�C, and finally 1hour drying at 110�C. The prepared TAC films
contained less than 1% of residual solvent. Average film thickness
was about 80 mm.

Characterization

Uniaxial extension test was performed from universal testing machine
(UTM, H5KT) with ASTM D-882. Sample dimensions were guage
length of 25mm, width of 5mm, and thickness of 80mm. Extension
rate was 10mm=min. Storage modulus and tan d were measured by
dynamic mechanical analyzer (DMA Q-800, TA instruments) under
nitrogen at the heating speed of 10�C=min. Thermalgravimetry analy-
sis was performed by TA instrument TGA 2950 under nitrogen with a
heating rate of 20�C=min. Optical transmittance was measured by UV
spectrophotometer (HP HEWLETT PACKARD 8453). Optical isotropy
represented by in-plane retardation, Re and out of plane retardation,
Rth was measured by Retardation Inspection System, RETS-100
Otsuka Electronics.

RESULTS

Figure 1 shows representative stress–strain curves of neat TAC and
the plasticized TAC films. Neat TAC film showed steep and linear
increase in tensile stress until yield point appeared at the small strain
of about 5% and then slow increase up to the break point around 30%.
Tensile strength was about 155MPa. The plasticized TAC film also
showed the same patterns as the neat one. However, yield stress, yield
strain and tensile strength were linearly decreased with the contents
of plasticizer while extension gradually increased with the plasticizer,
making for a tougher film.

190/[2036] H. T. Kim et al.
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Figure 2 shows the tensile strength and elongation at break of TAC
films obtained by uniaxial extension tests. Three types of plasticizers,
TPP, BDP and a mixture of TPP and BDP were used as a plasticizer
and plasticizer level was ranging from 6 to 20wt%. Each film was
uniaxially drawn to machine direction (MD) as well as transverse
direction (TD). MD direction corresponds to the moving direction of
bar coater. Tensile properties rarely depended on the drawing direc-
tion. Tensile strength and elongation at break depended not only on
plasticizer contents, but also types of plasticizer. As the plasticizer
contents increased, tensile strength decreased but elongation at break
increased. TAC film plasticized by TPP had largest tensile stress and
elongation at break. In contrast, TAC film with BDP plasticizer
showed smallest ones. The film with a mixture of TPP and BDP was
in between TAC=TPP and TAC=BDP. The tensile properties were
summarized in Table 1.

Figure 3 shows storage modulus and tan d of TAC=TPP-BDP films
with various plasticizer contents. Storage modulus (E0) represents the
stored elastic energy and tan d¼E00=E0 is closer to the dissipation of
energy. Storage modulus gradually decreased with the temperature
until a steep drop appeared at the glass transition. Glass transition
temperature, Tg was determined by the maximum point of tan d. As
the plasticizer level increased, storage modulus increased and Tg

FIGURE 1 Typical stress-strain curves for neat TAC (–�–) and the plasticized
TAC films (–

4

–).
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decreased. Neat TAC had Tg at 207�C. TAC=TPP and TAC=BDP films
showed the same plasticizer dependency on the properties.

Figure 4 shows storage modulus and tan d of TAC films plasticized
with different types of plasticizers. Each plasticized TACs contained
the same plasticizer content of 12wt%. TAC=TPP film began to be
softened at the lowest temperature. In contrast, TAC=BDP film had
highest softening temperature. TAC=TPP=BDP film was in between
TAC=TPP and TAC=BDP. The change of Tg in the plasticized TAC

FIGURE 2 (a) Tensile strength and (b) elongation at break of neat TPP(–.–),
TAC=BDP (–

4

–), TAC=TPP-BDP (–&–) films with various plasticizer
contents.
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FIGURE 4 Storage modulus and tan d curves of dynamic mechanical analy-
zer on the (a) neat TAC, (b) TAC=TPP 12wt%, (c) TAC=BDP 12wt% and
(d) TAC=TPP-BDP 12wt%.

FIGURE 3 Storage modulus and tan d curves of dynamic mechanical analy-
zer on the (a) neat TAC, (b) TAC=TPP-BDP 6wt%, (c) TAC=TPP-BDP
12wt%, (d) TAC=TPP-BDP 15wt% and (e) TAC=TPP-BDP 20wt% films.
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films with various plasticization levels was shown in Figure 5.
TAC=TPP had the largest decrease in Tg and TAC=BDP shows the
smallest decrease in Tg at the same plasticizer level.

Figure 6 shows TGA curves of neat TAC, plasticizers and the plas-
ticized TAC films. Neat TAC began to be degradated at around 350�C.

FIGURE 6 TGA thermographs of neat TAC, TPP, BDP, TAC=TPP 15wt%,
TAC=BDP 15wt%, TAC=TPP-BDP 15wt%.

FIGURE 5 The change of glass transition temperature of TAC films as a
function of plasticizer level.
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TPP began to lose weight before 200�C and BDP did not show the sig-
nificant weight loss up to 250�C. As expected, TAC film plasticized
with BDP had better thermal resistance than that with TPP.
TAC with a mixture of TPP and BDP showed the intermediate thermal
stability.

Figure 7 shows UV spectra of TAC films with various types of
plasticizers. Plasticizer level was 15wt%. All TAC films had good opti-
cal transmittance higher than 88% in the visible region ranging from
400nm to 700nm as listed in Table 1. Interestingly, the plasticized
TAC film absorbed some of UV light below 300nm thanks to the
plasticizers.

Figure 8 shows optical measurement results of TAC=TPP=BDP
films with various plasticizer levels. Retardation is generally
described by birefringence� film thickness. In-plane retardation, Re
and out of plane retardation, Rth of films are defined as following
eqns:

Re ¼ ðnx � nyÞ � d ð1Þ

Rth ¼ ððnx þ nyÞ=2� nzÞ � d ð2Þ

where d is film thickness and z direction represents normal direction
to the film surface. Re was measured at the measurement angle of

FIGURE 7 UV curves of neat TAC, TAC=TPP 15wt%, TAC=BDP 15wt%
and TAC=TPP-BDP 15wt%.
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zero. All TAC=TPP=BDP films had very small Re value less than
1.2 nm, indicating that difference between in-plane refractive indices,
nx�ny was as low as at the order of 10�5. Rth was around 50nm. Re
and Rth for a series of TAC=TPP and TAC=BDP films were summar-
ized in Table 1.

SUMMARY

Moderate mechanical properties, thermal stability, optical transpar-
ency and optical isotropy of TAC films are essentially required in order

FIGURE 8 (a) In-plane retardation, Re and (b) out of plane retardation, Rth of
TAC=TPP-BDP films with various plasticizer levels.
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to be used as a protective film for a polarizer in LCD application. Basi-
cally, neat TAC needs to be plasticized because of its brittleness with-
out any deterioration of optical properties. Triphenyl phosphate (TPP),
biphenyldiphenyl phosphate (BDP) and a mixture of TPP and BDP
were investigated as a candidate of plasticizer for TAC. Optical
transmittance and optical isotropy of the TAC films were good for
the protective film, regardless of the type and contents of plasticizer.
However, mechanical properties such as modulus, tensile strength
and elongation at break, and thermal property were significantly
affected by the type of plasticizer. TPP worked as the most effective
plasticizer for TAC, because TAC=TPP had the largest decrease in
Tg at the same plasticizer level. In addition, TAC=TPP showed the
largest tensile strength and elongation at break at the same plasticizer
level. It is representing that TPP made TAC being soft and tough at
the expense of minimum decrease in hardness. However, TPP had
very low evaporation temperature, which can not verify thermal stabi-
lity for TAC protective film. BDP was more effective for thermal stabi-
lity rather than for mechanical properties. A mixture of TPP and BDP
achieved the compromising plasticization of TAC in mechanical
properties and thermal stability for TAC protective film.
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