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Abstract

The crystallization behaviors of acetylated bamboo fiber (BF)/polypropylene (PP)
composites were assessed using differential scanning calorimetry (DSC) through
isothermal crystallization. The transcrystalline (TC) morphologies of compos-
ites were observed through polarized optical microscopy (POM), and their surface
free energies were calculated based on Hoffman—Lauritzen theory. Isothermal DSC
thermograms demonstrated that acetylated BF with higher weight percentage gains
(WPGs, ~19%) exhibited a decreased crystallization rate of the PP matrix. POM
images indicated that BF as a nucleation agent induced the TC layer on fiber—PP
matrix interfaces. However, when WPG reached 19%, the TC layer was not observed
on the BF surface and crystal growth was principally observed in the PP matrix
bulk. Based on Hoffman-Lauritzen theory, the folding-surface free energy (o,) and
the work of chain folding (g) for acetylated BF/PP composites were estimated to be
higher than those for PP composites with unmodified BF. These results indicate that
BFs with different WPGs could affect the crystallization behavior of the PP matrix
by inducing or hindering TC on BF-PP matrix interfaces.
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Introduction

Bamboo has a faster growth rate compared with other plants and grows abun-
dantly across Asia and South America (Scurlock et al. 2000; Liu et al. 2014; Mori
et al. 2019). Furthermore, bamboo possesses high flexibility and highly specific
mechanical properties because of the longitudinal alignment of fibers that include
approximately 60% cellulose with a high content of lignin and a relatively small
microfibril angle (Li et al. 2015; Liu et al. 2015, 2016). Because of these proper-
ties, bamboo has been employed in various fields, such as furniture, handicrafts,
and flooring. The valuable properties of bamboo fibers (BFs) have long been rec-
ognized, and they are thus used as efficient reinforcement in polymer composites
(Chen et al. 1998; Ismail et al. 2002; Okubo et al. 2004; Chattopadhyay et al.
2011; Wang et al. 2014; Cheng et al. 2015; Yang et al. 2015). Therefore, BF is
considered a valuable natural fiber and can have potential applications in the pol-
ymer composite industry. However, hygroscopicity and incompatibility between
the hydrophilic lignocellulosic and hydrophobic thermoplastic have been identi-
fied as major limitations to the application of bamboo—plastic composites. Several
studies have attempted to overcome these limitations by modifying lignocellu-
losic materials by using physical and chemical approaches, such as heat treat-
ment, esterification, alkaline treatment, steam explosion treatment, and coupling
agent addition, to reduce their hygroscopicity and increase their dimensional
and thermal stabilities (Rowell 1983; Deshpande et al. 2000; Keener et al. 2004;
Okubo et al. 2004; Das and Chakraborty 2008; Hung and Wu 2010). The acety-
lation of lignocellulosic fibers is one of the principal chemical approaches and
has received considerable attention. Numerous studies have reported an improve-
ment in compatibility at fiber—polymer interfaces by using this chemical approach
(Lisperguer et al. 2007; Hung et al. 2012, 2016). However, the resulting micro-
structure of the polymer matrix, especially as reflected by crystallization and
crystal state, has a significant effect on the quality and properties of end products,
because it is dependent on the thermal and press history during the manufactur-
ing process (Kamal and Chu 1983).

In semicrystalline polymer composites, natural fibers may act as heterogeneous
nucleating agents and orientation templates for polymer crystallization. When the
melted polymer matrix becomes cold, nucleation crystallization occurs along the
fiber—matrix interface with massive nuclei. Subsequently, the crystal grows unidi-
rectionally along the fiber axis until the front is impeded by the growth of spheru-
lites, which is nucleated in the polymer matrix. Therefore, an oriented crystal-
line layer, known as a transcrystalline (TC) layer, develops at the fiber—matrix
interface. Researchers have reported that the development of the TC layer was
observed in numerous polymer systems with fibrous fillers and that this crystal-
line structure was affected by several different factors, such as the filler type, the
surface topography of the filler, thermal history, crystallization temperature, and
surface energy of constituents (Thomason and Van Rooyen 1992; Cai et al. 1997,
Wang and Liu 1999; Quan et al. 2005; Borysiak 2013). Furthermore, the TC
layer has been proposed to improve the interfacial compatibility and enhance the
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load-transfer efficiency between the polymer matrix and the fiber, thereby improv-
ing the mechanical properties of composites (Han et al. 2014; Gao et al. 2015).
To the authors’ knowledge, little information is available regarding the effect of
acetylated bamboo fibers on the isothermal crystallization behavior of BF/poly-
mer composites. Therefore, the present study investigated certain aspects of the
isothermal crystallization kinetics of polypropylene (PP) composites with differ-
ent weight percent gains (WPGs) of acetylated BFs under isothermal conditions
by performing differential scanning calorimetry (DSC) analysis. Furthermore, the
primary objective of the present study was to determine the effect of acetylated
BFs on transcrystallization in the PP matrix through polarized optical microscopy
(POM). The folding-surface free energy (o.) and the work of chain folding (g)
were examined using Hoffman—Lauritzen theory to investigate the crystal growth
rate and the nucleation mechanism of the PP matrix.

Experimental
Materials

The 3-year-old kei-chiku bamboo (Phyllostachys makinoi Hayata) was generously
provided by a local bamboo-processing factory. BFs were extracted from shav-
ings by using hammer milling and sieving to obtain fibers between 24 and 30 mesh
(700-550 pm). All BFs were extracted in a Soxhlet apparatus for 24 h with ace-
tone and washed with distilled water before drying at 75 °C for 24 h. PP pellets,
which have a density of 915 kg/m>, a melt flow index of 4-8 g/10 min, and a melt-
ing point of 145 °C, were purchased from Yung Chia Chemical Industries Co., Ltd.
(Taipei, Taiwan). The particle size of plastic pellets was ground in an attrition mill
to less than 100 mesh (< 150 pm). Acetone, dimethylformamide (DMF), and acetic
anhydride (AA) were purchased from Sigma-Aldrich Chemical Co. (St. Louis, MO,
USA).

Sample preparation

The liquid-phase reaction method was used to acetylate BFs with AA. The concen-
tration ratios of AA:DMF were 0.2:20, 0.3:20, 1:20, and 4:20 (mL/mL) per gram
of oven-dried BFs. Acetylated BFs with different degrees of modification were
obtained using reaction conditions at 140 °C for 2 h, followed by washing with dis-
tilled water for 4 h and drying at 105 °C for 12 h. The WPG of acetylated BFs was
calculated using Eq. 1:

WPG (%) = [(W; — W,)/W,| x 100 ¢))

where W, and W, are the oven-dried weights of BFs before and after acetyla-
tion. The resulting WPGs of acetylated BFs were approximately 2%, 6%, 9%, and
19%, designated as WPG2, WPG6, WPGY, and WPG19, respectively. Table 1 sum-
marizes sample codes and reaction conditions for unmodified and various WPGs of
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Tablg ! Saml?l? code an.d BFs BF:AA:DMF Reaction time ~ WPG of acety-
reaction conditions for different . . . M
(g:mL:mL) (min) lated BF (%)
degrees of acetylated bamboo
fibers (BFs) WPGO** _ _ _
WPG2 1:0.2:20 120 23+09
WPG6 1:0.3:20 120 59+1.1
WPG9 1:1:20 120 8.7+1.6
WPG19 1:4:20 120 19.0+1.5

*Values are the mean+SD (n=5)
#*WPGOQ refers to the unmodified bamboo fibers

Fig.1 ATR-FTIR spectra of
acetylated bamboo fibers with
various WPGs

4000 3000 2000 1600 1200 800
Wavenumber (cm™)

acetylated BFs. The successful acetylation of these BFs has been confirmed by Fou-
rier transform infrared spectroscopy (FTIR). As shown in Fig. 1, the specific absorp-
tion bands of acetyl group at wavenumber 1735, 1370, and 1231 cm™ increased with
increasing WPG of acetylated BFs.

ATR-FTIR spectral measurement

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra of all
unmodified and various WPGs of acetylated BFs were recorded on a Spectrum 100
FTIR spectrometer (PerkinElmer, Buckinghamshire, UK) equipped with a deuter-
ated triglycine sulfate (DTGS) detector and a MIRacle ATR accessory (Pike Tech-
nologies, Madison, WI, USA). The spectra were collected by co-adding 32 scans at
a resolution of 4 cm™ in the range from 650 to 4000 cm™.

DSC measurement

DSC measurements were taken using a weight ratio of acetylated BFs to PP pow-
der of 50:50. A total of 3-5 mg of each sample was prepared in DSC aluminum
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pans with lids. Isothermal crystallization studies were conducted in a PerkinElmer
DSC8000/8500 differential scanning calorimeter (Waltham, MA, USA). All meas-
urements were realized in nitrogen at a flow rate of 20 mL/min. First, each sample
was preliminarily heated from 20 to 190 °C at a heating rate of 100 °C/min. The
temperature was then held for 3 min to eliminate the thermal and mechanical his-
tory and ensure a nucleus-free melt. Second, the samples were rapidly cooled at a
cooling rate of 600 °C/min to the isothermal crystallization temperature (7,) of 122,
124, 126, 128, and 130 °C. The samples were maintained at the desired isothermal
temperature for 15 min until the crystallization process was almost complete. Third,
the sample was heated to 190 °C at a heating rate of 20 °C/min.

POM

POM was performed using an Olympus BX53M optical microscope (Tokyo, Japan)
equipped with crossed polarizers. The crystallization process of unmodified and
acetylated BF/PP composites was performed by heating the samples for 10 min
on a hot stage to the melting point of 190 °C (LNP 95, LINKAM, Surrey, UK) to
eliminate residual anisotropy and complete the melting process. The samples were
then rapidly cooled to the desired isothermal temperature (122, 124, 126, 128, and
130 °C) at a cooling rate of 50 °C/min. The crystallization morphology of the sam-
ples was recorded as photographs by using a digital camera, and these photographs
were recorded at a certain interval.

Results and discussion
Isothermal DSC thermograms

To investigate the crystalline conversion of BF/PP composites as a function of
time at a constant temperature, their isothermal crystallization behavior was visu-
alized. As displayed in Fig. 2, DSC thermograms for the isothermal crystalliza-
tion of PP with unmodified and acetylated BFs are presented by rapidly cooling
a molten polymer matrix to the crystallization temperature (7,) after completely
melting it at 190 °C for 3 min. Figure 2 illustrates that crystallization was pre-
ceded by a short period where the temperature of the sample approaches 7. The
heat flow gradually increases to an evident peak, caused by the evolution of the
enthalpy of crystallization. After the peak, crystallization exhibited a significant
reduction in speed when the heat flow is not noticeably different, indicating that
crystallization has been completed. Furthermore, exothermic peaks shifted to
a higher period value with increasing 7, for all the samples, indicating that the
crystallization of the PP matrix was affected by 7T.. A study reported (Supaphol
and Spruiell 2001) that the evolution rate of crystallization enthalpy was signifi-
cantly dependent on the kinetics of the crystallization process, which is strongly
sensitive to changes in 7,. However, for samples with a WPG of 2-9%, there were
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Fig. 2 Differential scanning calorimetry thermograms of polypropylene with various acetylated bamboo
fibers at different isothermal crystallization temperatures. a WPGO, b WPG2, ¢ WPG6, d WPG9, and e
WPGI19

no significant differences in the crystallization rate at different 7,. When WPG
reached 19%, the crystallization exothermic peak shifted to a higher temperature.
These results indicate that acetylated BFs insignificantly accelerated the crys-
tallization of the PP matrix, whereas acetylated BFs with higher WPG (~19%)
reduced the crystallization rate of the PP matrix. A similar result was reported
in a previous study (Jhu et al. 2019). It is speculated that the acetylated BFs with
higher WPG have more hydrophobic acetyl moieties attached to the fiber surface,
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which will cause homogeneous crystal growth of PP matrix, thereby reducing its
crystallization rate.

Observation in the crystallization of BF/PP composite from POM

The crystallization process of a thin PP film with a BF was observed from POM
images. Figure 3 compares the spherulitic morphology of all samples in the front
of snapshots taken every 50 s during the hot stage when the preset temperature of
130 °C was reached. For WPGQO, once the isothermal time reached 50 s, the super-
molecular structure, which was identified as the TC layer, was observed. Borysiak
(2013) reported that when the molten PP matrix was cooled in contact with wood
fiber, the proximity of sites on the fiber—PP interface inhibited the lateral growth of
resultant spherulites, resulting in crystallization developing in the normal direction
of the wood fiber surface. The appearance of the TC layer indicated that the unmodi-
fied BF had a high ability for heterogeneous nucleation. Results indicated that the
nucleation of PP spherulites, as well as regular transcrystalline growth, appeared
along fiber-matrix interfaces. These observations support that BF accelerates the
crystallization of the PP matrix (Phuong and Girbert 2010; Hsu et al. 2018). Further-
more, the micrographs of acetylated BFs with 2-9% WPG, which were embedded in
the molten PP matrix, demonstrated that PP crystallization preferentially occurred

WPG2

WPG6

WPG19

Fig.3 POM images of polypropylene with various acetylated bamboo fibers under an isothermal crystal-
lization temperature of 130 °C at different crystallization times
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along the BF-PP interface. However, the nucleation density on the surface of those
acetylated BFs was significantly lower than the nucleation density of unmodified
BF (WPGO0). Furthermore, PP reinforced with WPG19 BF displayed different out-
comes; the TC layer was not formed on the surface of acetylated BF (WPG19), and
main nucleation and crystal growth were observed in the PP matrix bulk. A previous
study (Jhu et al. 2019) indicated that this result may be attributed to acetylated BFs
with higher WPG causing homogeneous crystal growth as aforementioned. There-
fore, the formation and growth of the TC layer are strongly affected by the degree of
BF acetylation; BF acetylation with higher WPG does not induce TC on the BF-PP
interface. A similar result was reported by Borysiak (2013) who determined that
treatment of the lignocellulose surface with various chemicals, such as propionic
anhydride and succinic anhydride, inactivates surface features responsible for nucle-
ating the transcrystallinity of lignocellulose/PP composites.

Hoffman and Lauritzen theory

To perform the quantitative analysis of crystallization behavior and determine the
temperature dependence of the crystallization rate, the equilibrium melting tempera-
ture (Tlg) must be determined. Hoffman—Weeks theory (Hoffman and Weeks 1962a;
Hoffman 1983) stipulates that TBL is deduced by plotting the melting temperature
(T,,) against T,. Figure 4 displays the plot of T, versus T,. The line of 7, =T, was
extrapolated. T,?q was obtained by extrapolating the point of interest from the line of
T,,=T,, and the dependence of T,, on T, is given by Eq. 2.

T, =T(1-¢)+¢T, %)

where ¢ (= 1/y) is the stability parameter, which is related to morphological factors
concerning the perfectness and size of the crystal and y is related to the final lami-
nar thickness, taken as the ratio of the lamellar thickness of a natural crystalline to
the lamellar thickness of the critical crystalline nucleus. 7’2 and ¢ values obtained
are summarized in Table 2. The ¢ value increased with increasing WPG from 0.26

Fig.4 Regression lines to 200
equilibrium melting temperature i
proposed by Hoffman—Weeks 190
extrapolation for polypropylene
with unmodified bamboo fibers
(WPGO) o 180
&~ 170
160
150 +——7———F———7——7—
100 120 140 160 180 200
0
7,(°C)
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Table 2 Equilibrium melting 0 2
BF ° R

temperature (Tg) and the s T,.(°C) ¢

stability parameter () of WPGO 178.7 0.26 0.961

polypropylene with various

acetylated bamboo fibers (BFs) WPG2 187.4 0.37 0.953

based on the Hoffman—Weeks WPG6 185.7 0.36 0.949

extrapolation method WPG9 190.9 0.40 0.954
WPG19 192.0 0.42 0.994

(WPGO) to 0.42 (WPG19). A study (Hoffman and Weeks 1962b) reported that the
¢ value is between 0 and 1, and a value below 0.4 suggests that crystals are reason-
ably stable. For a WPG of BF higher than 9%, the ¢ value of acetylated BF/PP com-
posites was higher than 0.4, indicating that these composites formed more unstable
crystals. Moreover, the Tg value for WPGO (178.7 °C) was the lowest among all
the samples. When BF was acetylated, the Tr(r)l value of the BF/PP composite was
higher than that of WPGO, and the value further increased from 187.4 °C for WPG2
to 192.0 °C for WPG19. Changes in the Tr())1 value in BF/PP composites are caused
by the different perfections and morphologies of the spherulite of the PP matrix
(Bogoeva-Gaceva et al. 2001). These results suggest that the crystalline phase of
the acetylated BF/PP composite is more perfect than that of the unmodified BF/
PP composite. Figure 5 reveals the relationship between the length of the TC layer
and crystallization time in unmodified BF/PP composites. The slope coefficients of
lines represented the growth rates of the TC layer. As the crystallization temperature
increases, the growth rate of the TC layer decreases. Similar results were observed
in PP reinforced with different WPGs of acetylated BF (not shown). These results
indicated that the length of the TC layer was strongly dependent on 7, and time.

To further investigate the crystallization behavior, the dependency of the crys-
tal growth rate (G) on T, is expressed as follows, according to Hoffman-Lau-
ritzen theory (Hoffman and Miller 1997):

Fig.5 Plots of the length of
the TC layer against crystal-
lization time for polypropylene
with unmodified bamboo fibers
(WPGO) surface under different
crystallization temperatures

Length of TC layer (um)

0 T T T T T T T T T

0 20 40 60 80 100 120 140 160 180 200
Time (s)
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Fig. 6 Hoffman—Lauritzen plots 1.5
of polypropylene with various o WPGO
acetylated bamboo fibers 1.0 v WPG2
o WPG6
i o o WPG9
02 & WPGI9
&) o
= 0.0
-0.5
-1.0
'1 5 T T T T
14.5 15.5 16.5 17.5 18.5 19.5
5
V[T (AT)/1*10
Table 3 Fpld surface interfaci.al BFs K %107 o0, s, g
free energies and work of chain g2 2, 4 )
folding for polypropylene with X9 (erg*/em’) (erglem?) (kcal/mol)
various acetylated bamboo
fibers (BFs) based on Hoffman— WPGO 1.22 291.8 254 25
Lauritzen theory WPG2 2.78 652.3 56.7 5.6
WPG6 3.16 744.3 64.7 6.4
WPG9 3.51 817.3 71.1 7.0
WPG19 3.95 917.8 79.8 7.9
_U* -K,
G=Gyexp| ————— |exp | ——= 3)
R(T,-T,) T.(ATf

where G, is a preexponential factor, U” is an activation energy for segmental diffu-
sion to the site of crystallization, R is the gas constant, T is the hypothetical tem-
perature where all motion associated with viscous flow ceases, Kg is the nucleation
parameter, AT is the degree of supercooling defined by T’?I— T., and fis the correc-
tion factor defined as ZTC/(T,?1+ T,) that accounts for the change in heat of fusion with
the crystallization temperature. Equation 3 can be converted into Eq. 4 by taking a
natural logarithm of both sides:

U*

hG+————=InGy— ——
ORI —r) T T Tary @

Furthermore, Eq. 4 is simplified as follows:

InG = + constant %)

-8
T.(ADf

When plotting In G with I/[T.(AT)f] (Fig. 6), the value of K, was obtained from
the slope of a straight line. K, values obtained from plots are listed in Table 3.
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The K, values of all acetylated BF/PP composites, which were in the range
of 278 3.95x10° K2, were higher than the K, values of unmodified BF/PP
(1.22x10° K?). The K, value of the acetylated BF/PP composite increased with
increasing WPGs of acetylated BF. Furthermore, the folding-surface free energy (o,)
could be calculated from derived K,. The nucleation parameter (K,) depends on the
crystallization regime and the surface free energy and is defined as Eq. 6 (Hoffman
1983):

nboo, Ty%
Kg = kAHO (6)
f

where k is Boltzmann’s constant (1.38x 107'6 erg/K), AHO is the heat of fusion of
completely crystalline component per unit volume, o is the lateral free energy of the
growing crystal, and b is the thickness layer. Value  is a coefficient that depends on
the crystallization regime and assigns the value 4 for regimes I and III and the value
2 for regime II. For the PP matrix, b is 6.26x 1078 cm, AH0 is 1.93x10° erg/cm’,
and o is 11.5 erg/cm? (Clark and Hoffman 1984). Furthermore the mode of spheru-
lite growth for PP is assumed to be regime III growth in this study; thus, its n value
is theoretically given as 4. The subsequent results of the calculated folding-surface
free energy (o,) are summarized in Table 3. The o, values are 25.4, 56.7, 64.7, 71.1,
and 79.8 erg/cm2 for WPGO, WPG2, WPG6, WPGY, and WPG19 of BF/PP com-
posites, respectively. These results indicated that all acetylated BF/PP composites
exhibited a higher o, value than did the unmodified BF/PP composite. To further
investigate the bending of the polymer chain back upon itself, the work of chain
folding (g), which is strongly correlated with the o, value, was estimated using the
following Eq. 7:

q =20.A, (7)

where A, is the cross-sectional area of the polymer matrix, and the value is
34.4%107'® cm? (Clark and Hoffman 1984). The PP matrix with an unmodified BF
(WPGO) had the lowest g value (2.5 kcal/mol) among all the samples. The value of
the PP matrix with an acetylated BF increased with an increase in WPG. When BF
was acetylated to 2% WPG, the ¢ value increased to 5.6 kcal/mol. Furthermore, the
q value significantly increased to 7.9 kcal/mol as WPG increased to 19%. The higher
q value was principally caused by the presence of acetylated BF with higher WPG
constraints on the mobility of PP matrix chains in interspherulitic regions. These
findings not only further indicate that unmodified BF accelerates the crystallization
of the PP matrix compared with acetylated BF, but also provide another explana-
tion for why the crystallization rate of PP matrix with higher WPG acetylated BF is
lower.
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Conclusion

In this study, the transcrystallization of the acetylated BF/PP composite under
isothermal crystallization was investigated using various analytic techniques,
such as POM and DSC. The formation and growth of the TC layer were strongly
affected by the acetylation conditions of BFs. Hoffman—Lauritzen theory was
used to calculate the folding-surface free energy (o.) and the work of chain fold-
ing (q) for each PP matrix with an unmodified or acetylated BF. The o, and ¢
values of acetylated BF/PP composites obtained ranged from 56.7 to 79.8 erg/
cm? and 5.6 to 7.9 kcal/mol, respectively. These values were higher than those
for the unmodified BF/PP composite. These results support the notion that the
presence of acetylated BF with a higher WPG significantly constrains the mobil-
ity of PP matrix chains in interspherulitic regions. Compared with unmodified
BF, the addition of acetylated BF could affect the crystallization behavior of the
PP matrix by inducing or hindering TC on the BF—PP interface. Therefore, these
results provide useful information regarding manufacturing process conditions
that could be used to optimize the polymer morphology in a composite.
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