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Abstract

The improvement of cellulosic biomass-polymer composites needs to evaluate what occurs at
the biomass-matrix interface during crystallization. Different well-defined maize tissues were
obtained by original dry fractionation processes, without chemical treatment. Their
morphological features were identified by optical and scanning electron microscopies. For each
type of tissue, a small fragment was sandwiched between two films of isotactic polypropylene.
The composite was subjected to quiescent isothermal conditions, followed in-situ by polarized
optical microscopy. Focus of the heterogeneous nucleation at the surface of maize tissues
showed that in all cases, more or less numerous semi-crystalline entities originated from the
tissue surface, indicating a moderate nucleating activity. Different crystallization behaviors
were observed as a function of the tissue. Growth rates of surface layers were generally higher
that the growth rates of bulk spherulites. The differences were small, but significant. They were

discussed within the frame of kinetic theory of growth.
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Introduction

Natural and renewable fillers are more and more used to manufacture composites with a
polymer matrix. For instance, the replacement of heavy glass fibres is an important asset in the

automotive industry where weight is a critical issue for performances and energy savings.[!!

There have been numerous trials for preparing composites and studying mostly mechanical
properties in bulk state with different biomass sources (see some recent reviews?>®). Many
types of plant organs can be used as fillers. For polymer composites, these organs should be
elongated in order to offer the best mechanical properties of the final products. These fillers are
generally called fibres, even if this term can bring some confusion regarding which part of the
plant is considered. These fibres can be extracted from different locations in the plant. They can
originate from organs having no structural role like cotton hairs, but also from cell structures of
various natures as in wood or from the inner bark situated beneath the outside bark skin of
plants (case of bast fibres extracted from flax, hemp, or ramie). Elongated plant-based fillers
can also be extracted from leaves, as for sisal, curaua or banana. Fruits can also provide fibre-
like fillers such as coir fibres which are extracted from the husk of a coconut. In all cases, these
plant fibres can be individual cells (case of cotton) or in the form of cell bundles. They have a
variable content of cellulose, hemicelluloses, pectins and lignin. Their complex and hierarchical

supramolecular bio-assembly brings stiffness and strength to plants.

Although there are a large number of articles dealing with plant-based filler-polypropylene
composites, very few are studying the crystallization of the matrix.”-®! However, among the
physical phenomena of interest, crystallization should have a special place, since it partly
controls the properties of the matrix and of the interface. An important issue is: do the fillers
promote heterogeneous nucleation at their surface, thus accelerating the crystallization of the
polymer matrix? Three types of morphological behavior can be distinguished:™ i) inactivity
of the surfaces: spherulites appear only in the polymer volume; (ii) medium activity of the
surfaces: a few half-spherulites are created from surface nuclei; (iii) high activity of the
surfaces: if many heterogeneous nuclei are activated at the surfaces, their proximity imposes
that entities emanating from these nuclei grow preferentially normal to the surface, leading to
what is usually called transcrystalline zones. This interpretation of transcrystallinity, due to
Fitchmun and Newman,*% is based only on geometrical considerations, and does not require

the occurrence of flow or temperature gradients. This definition of “pure” transcrystallinity will
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be retained in the present paper. Crystallization of a semi-crystalline polymer, e.g., isotactic
polypropylene (iPP), on a crystalline substrate has been interpreted in terms of epitaxy.[*?
Unfortunately, this crystallographic interpretation does not seem to be sufficient to fully
understand transcrystallinity and its possible role on mechanical properties. Interfacial
interactions between polymer matrix and filler could modify mechanical performances.[*®l
According to Quan et al.,[**l the scientific community remains unsure of the mechanisms of
transcrystallinity and controversy continues to exist whether transcrystallinity has positive,

negative, or even no effects on composite mechanical properties.

Native cellulose (having a cellulose | crystalline structure) seems to have a clear effect on the
crystallization of iPP. For instance, cellulose nanocrystals (CNC) have a strong nucleating
effect, as indicated by the increase of crystallization temperature and rate.[*>161 As a film
substrate (instead of individual particles), CNC can even promote transcrystallization of iPP.*"]
Lignin is also an important parameter. For six different lignocellulosic fillers, Girones et al.[*®l
established an inverse relationship between the matrix crystallization kinetics and the lignin
content of the fillers, the more effective to enhance crystallization kinetics being pure cellulose
(cotton), whereas pure lignin has no effect. Some of the fillers, especially cotton, exhibited
transcrystallininity at their surface. Transcrystallinity at the surface of cotton fibers was also
described by Gray!*®! and Ning et al.l*®l Moreover, Gray showed that native cellulose fibers
(cellulose 1) induced transcrystallinity, while regenerated cellulose fibers (cellulose I1) did not.
Several papers have reported that natural fibers such as jute, flax, sisal or kenaf could induce
transcrystallinity in iPP.[8-91420-221 The effect of chemical treatments on the capacity to induce
transcrystallinity is also a common object of debate.[*42-241 |n this aspect, some controversial
results have been reported, and whilst some works report that the rate of growth was higher for
composites coupled with maleic anhydride grafted polypropylene MA-g-PP,[?2?%1 others
reported that treated fibers had no effect.[*]

This bibliographic survey has identified some trends, but it must be recognized that there is no
rational picture regarding the way lignocellulosic fillers act on polypropylene. A general reason
for such a disparity of results lies on the many parameters that can affect nucleation, from
chemical composition to surface roughness, geometry and size of fillers. In the papers
concerning PP crystallization, other reasons for these inconsistent results could be: (i) that none

of these studies used the same polymer matrix; (ii) the way compatibilization is treated (even if



most methods are based on the addition of maleic anhydride, the compatibilizer can be added
as a third component, used directly as the matrix or grafted onto the filler), (iii) that the fillers
used are of different nature and structure, coming from different tissues and having different

compositions at their surface.

Using a single matrix taken as a ‘model system’?8] with no compatibilizer, the present paper
compares the crystallization of a polypropylene sample in the bulk and at the surfaces of
different, well characterized tissues, the crystalline growth rate being chosen as a relevant
parameter. The originality of this work is to use as fillers different tissues from well-known
maize plant. Thus, by exclusively studying one plant and its different tissues, one could be able

to observe how the different tissues are influencing polymer transcrystallinity.

2 Experimental

2.1 Polymer

The isotactic polypropylene (iPP) used as polymer matrix was an injection-molding grade (from
Atofina now Arkema, Colombes, France) under the reference 3250 MR1 (equivalent to PPH
9081, Total Petrochemicals, Féluy, Belgium). Molecular parameters are: M, = 42 500 g mol™,
My, = 213 000 g mol, Mw/M, = 5, and isotacticity index = 0.97. The Melt Flow Index of 25 g
(10 min)™* was determined according to the 1SO 1133 method under 230°C/2.16 kg conditions.
This polymer was selected because it crystallizes in spherulites easily observable by optical
microscopy.

2.2 Maize samples

The maize samples were extracted from the internodes of maize stems (Figure 1). A maize
internode is composed of two main anatomical parts: the pith, the inner part constituted of some
vascular bundles spread in large parenchyma cells, and the rind, composed of closely spaced
vascular bundles embedded in cortical parenchyma and sclerenchyma tissues. Epidermis

constitues the thin external protective layer.
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FIGURE 1 Anatomy of a maize stem

Maize stems were obtained as a by-product of maize grain harvest and their internodes were
isolated manually and cut in 2 cm long rods before to be fractionated. Maize stem tissues were
then isolated by density sorting after knife milling.[?”l As density sorting is efficient for particle
of same size range, a preliminary step of sieving was applied. Pieces of pith (light particles) and
rind (dense particles) were obtained as the two extreme samples in the gravity separator.
Vascular bundles from pith could be dissociated from parenchyma after grinding and recovered
in the lighter samples, whereas vascular bundles from the rind were obtained in an intermediate
fraction from the gravity separator. The dry fractionation processes show a low impact on tissue
structure and composition, as no chemicals are added. More details will be found in Results

part.

2.3 Composite preparation

All the fillers were dried at 70°C for 24 hours before being used to prepare composite samples.

Glass slides and cover slips were cleaned with ethanol to remove impurities. A small sample of
polymer film was first put on a glass slide. Then, a cut of the tissue was placed on top of the
polymer film. The system was heated to 220°C in the Mettler Toledo HS82 hot stage. Another
small sample of polymer film was added on top of the fiber, creating the polymer “sandwich”
composite, and a cover slip was placed on top. A nitrogen gas flow was delivered after the
composite was produced so as to prevent polymer and fiber degradation. Finally, the hot stage
was turned off. The thickness of the composites prepared by this procedure was in the 100-150

um range.



2.4 Optical microscopy

After mounting the fiber/iPP composite, still within the heating stage under nitrogen
atmosphere, onto the Leica DMRX optical microscope, the composite was reheated to 220°C
for 5 min to erase previous history. Following the 5-min holding at 220°C, the sample was
cooled at a rate of 10°C/min until the final crystallization temperature of 136°C was reached.
This temperature, which was chosen after some preliminary experiments, remained constant,
allowing for the sample to crystallize. Polarized light of the optical microscope, equipped with
camera, was utilized to observe and record the crystallization process of the tissue/polymer
composite. These observations were made between crossed polarizers using a gypsum plate.
An initial picture was taken once the crystallization temperature was reached and following

pictures were taken at 2-min intervals until the sample had fully crystallized.

ImageJ software was used to determine the growth rate G. For transcrystalline regions, the
distance between the nucleation site on the fiber surface and the extremity of the transcrystalline
region was measured. For bulk spherulites, the diameter of the spherulite was directly measured
and then divided by two to obtain the radius. After, graphs of length vs. time were plotted and
a straight line of best fit using Microsoft Excel was extrapolated. The slope of this line gave the

growth rate G, in um/s.

Isothermal quiescent crystallization in the same conditions was also performed on single films

of the neat polymer as a reference.

2.5 Scanning Electron Microscopy (SEM)

Micrographs of both the tissues and the composites were taken with the SEM (Philips XL30
and Tescan MAIA3 ESEM) to analyze the surfaces, qualitatively observe the interfacial
interactions, and identify the fibers.

2.6 Statistical analyses

Statistical analyses were carried out using XLStat package (Addinsoft). Multiple mean value
comparison was carried out using Fisher test (p value 0.05). The values of the transcrystalline
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growth rate G;- and the spherulitic growth rate Gy for each sample were compared using

Student’s paired t-test (p value 0.05).

3 Results

3.1 Characterization of maize samples

The dry fractionation processes allow us to isolate particles differing in shapes and color (Figure
2): elongated white particles were mainly observed, as well round whitish-color particles
(Figure 2A). More brownish and longer particles were also observed in sample F. In the same
batch two different macroscopic morphologies could be observed: round particles with a foam
structure (Figure 2A') and small elongated particles (Figure 2A2?). In comparison with the tissue
morphology of maize, and based on visual and SEM observations, the tissue origin of each type
of particles further included in the iPP composite was assigned. Sample A! showed a foam
structure of large cells with thin cell walls, and was attributed to parenchyma cells from the
pith. The particles in sample A?, B and C were elongated, like “fibers”. In cross section, the
two large and prominent vessels from the metaxylem and the large lacuna of the protoxylem
were observed. These three samples are assigned to vascular bundles. In the maize particle
observed for sample C in the composite, it appears that the outermost part, the bundle sheath,
is thicker than those of sample A? and B. This vascular bundle may come from the rind, whereas
sample A? and B come from the pith. The following samples are elongated particles and more
brownish and exhibit a “shiny” and a “not shiny” side (as shown in Figure 2F). This can be
related to the dissymmetrical morphology observed by SEM. The shiny face is probably the
epidermis side, which is covered by a thin protective waxy layer, the not shiny face being of
more foaming aspect (cortical parenchyma cells). Therefore sample D, E and F are coming
from the most external part of the rind. In this study, elongated particles are then constituted of

different tissues of maize stem, either vascular bundles or pieces of rind.
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FIGURE 2 Maize samples isolated using dry fractionation processes: visual observation on the
left (scale bar 1 cm); SEM observations of sample/iPP composite (except for sample A) noted
‘face’; on the right SEM observation of the surface of isolated native fibers noted ‘profile’.
Vascular bundles (A?, B, C), epidermis (D, E, F). For the A sample, two types of tissue are
isolated in the same fraction: on the left foam tissue coming from pith parenchyma cells (A%),
on the right vascular bundle from the pith (A?). -Nota: Additional information was obtained by
optical microscopy (Keyence numerical microscope VHX-6000), zoom sample C.- In ‘face’
composite, cell wall-like small tubular structures are shown with the highlight of a potential

matrix penetration into the alveolar structure; arrows indicate the presence of iPP.



3.2 Observation of isothermal crystallization experiments by optical microscopy

Isothermal crystallization experiments were performed at 136°C. This temperature was chosen
because crystallization of neat iPP is relatively slow (Figure 3), with large spherulites
(diameters 350-400 pum).

FIGURE 3 Isothermal crystallization of neat iPP at 136°C. Observation between crossed

polarizers with a gypsum plate. The scale bar represents 100 um

Figure 4 presents typical results concerning composite specimens prepared as indicated in §
2.3, at the beginning of the crystallization experiment and after 18 min of isothermal
crystallization at 136°C. Concerning epidermis tissues, results of sample E/iPP are not given

since these specimens are close to those obtained for sample F/iPP.

All the elongated fragments (vascular bundles or epidermis from the rind as shown in Figure 2)
exhibit a quasi-continuous semi-crystalline sheath, except for maize F (epidermis)/iPP
composite shiny (Figure 4d left). A more detailed analysis is delicate, since in some cases
spherulitic morphologies are observed at the surface, giving a growth front made of curved
segments, and in other cases, “true” transcrystalline zones, growing perpendicular to the tissue
surface, are present. Let us recall that these two morphologies are not intrinsically different in
nature, but results from a greater or lesser proximity of heterogeneous nuclei, i.e., from the
nucleating activity of the surface. They can be observed on the same tissue (Figure 5). An

additional experiment (crystallization at 140°C) shows the heterogeneous distribution of nuclei
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at sample B surface (Figure 6). Other heterogeneities have been observed: different

crystallization on the specimen sides (Figure 4a) or local lack of crystallization (Figure 4c).

Some specimens like sample E and sample F exhibit a “shiny” and a “not shiny” side. This has
been related to their dissymmetrical morphology (Figures 2E and 2F), the shiny being probably
the epidermis side, covered by a thin protective waxy layer. Tweezers were used to peel layers
of either a shiny or not shiny side to use in the composite. Clearly, very different crystallization
behaviors are observed (Figure 4d): for equivalent crystallization conditions, surface nucleation
in the composite made of the shiny side is particularly low, probably because of the above-

mentioned surface composition.

Regarding the foam part (sample A') (Figure 4e left), the loose surface does not induce
transcrystallinity, as the entities do not grow in a columnar front. Rather, the surface is capable
of inducing high nucleation density, but the direction of growth is more varied and random.
Indeed, numerous spherulites seem to be agglomerated around the particle.

b) Maize sample D/iPP composite

11



e) Maize sample Al (foam)/iPP composite (left), and sample A? (fiber)/iPP composite
(right)

FIGURE 4 Isothermal crystallization at 136°C of Maize/iPP composites: a) sample B/iPP

composite; b) sample D/iPP composite; ¢) sample C/iPP composite; d) sample F/iPP
composite: shiny (left) and not shiny (right); ) sample A/iPP composite: sample A (left) and
sample A? (right). The scale bar represents 100 um
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FIGURE 5 Surface crystallization at 136°C on the sample F shiny. The arrows indicate the
local directions of growth. The scale bar represents 50 um

FIGURE 6 Isothermal crystallization at 140°C of sample B/iPP composite. The scale bar
represents 50 um

3.3 SEM observation of the interface

Supplementary information can be drawn from the SEM pictures of Figure 2. One can observe
in Figure 2E that in the rougher, not shiny side, the polypropylene seems to bind better with the
tissue surface than in the shiny side, for which there is a gap between the surface and the
polymer. It may indicate that the interfacial interactions between the rough side and the polymer
are better than those of the shiny side and the polymer, which is consistent with the different
crystallization behaviors described above. This could orignate from a difference in chemical
composition (e.g., the existence of a waxy external layer), as well as from different surface
topologies: the shiny side is flatter, while the not shiny one is rougher and provides more surface
area for interactions between the polymer and the tissue to occur. From the SEM image of
Figure 2F, one can remark that, as for sample E, the rougher side (bottom) seems to bind more

13



easily to the polypropylene than the smoother side (top). However, on the shiny side, there
appears a white fluff, which is unknown, perhaps some contamination to the tissue sample. In
Figure 2D, gaps between the polymer and tissue surface are present on both sides, suggesting
that the interfacial interactions are weak, even in the rougher side. In the above-mentioned
experiments, the polymer does not penetrate much in the tissue pores, corresponding either to
the metaxylem or protoxylem in the vascular bundle. In sample B/iPP composites (Figure 2B),
an interesting observation of is that the polymer partially fills the inside of the tissue (in the
vessels). It is also observed to a lesser extent in other composites (see arrows in Figure 2). It
may seem surprising because of the high viscosity of the polymer melt, even though the MFI
of the present polymer is high. It could be due to the polymer flow during the preparation of the
sandwich specimen, which is also likely to have damaged the tissue. Nuez et al.[?®! observed the
same potential matrix penetration into the alveolar structure in injection-molded polypropylene
composites with flax shives. They proposed a basic micromechanical model discussion on the
capacity of cell wall-like small tubular structures highlighting the mechanical reinforcing
potential of hollow fibers.

3.4 Growth rate measurements

The growth-rate values vary, although only slightly, between different tissues for both
transcrystalline and bulk regions. Since the growth rate is a function of temperature, and that
all experiments were performed at the same temperature of 136°C, the growth rates of all

samples are expected to be the same. However, it is interesting to note that for all experiments,
the transcrystalline growth rate G, is slightly higher than the spherulitic growth rate G in the

bulk for the same sample. It was then necessary to check if this trend is statistically significant

and not due to systematic errors.

To check these preliminary results, three typical tissues were selected: vascular bundles from
pith (sample B), vascular bundles from rind (sample C) and cortical parenchyma (sample F not
shiny). Eight different crystallization experiments at 136°C were done for each type of

specimen, and Gy and G, were measured. The results of these measurements are displayed in

Table 1.
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TABLE 1 Comparison of Gg and Gy in pm/s for three types of composites. Gg values for

neat iPP
Sample B Sample C Sample F not shiny iIPP
GS c':'TC GS GTC GS GTC GS
Exp. 1 0.0375 0.0373 0.0353 0.0417 0.0374 0.0427 0.0411
Exp. 2 0.0361 0.0369 0.0394 0.0413 0.0364 0.0398 0.0389
Exp. 3 0.0400 0.0410 0.0366 0.0409 0.0373 0.0388 0.0395
Exp. 4 0.0394 0.0399 0.0388 0.0385 0.0386 0.0416 0.0392
Exp. 5 0.0396 0.0408 0.0352 0.0367 0.0369 0.0379 0.0411
Exp. 6 0.0398 0.0414 - 0.0364 0.0363 0.0381
Exp. 7 0.0384 0.0413 0.0390 0.0437 0.0349 0.0375
Exp.8 0.0373 0.0393 0.0356 0.0390 0.0384 0.0392
Mean 0.0385 0.0397 0.0371 0.0398 0.0370 0.0395 0.0400
SSD 0.0014 0.0018 0.0019 0.0026 0.0012 0.0018 0.0011
SE 0.0005 0.0006 0.0007 0.0009 0.0004 0.0007 0.0005
% 1.31 1.58 1.91 2.27 1.14 1.65 1.19

A simple statistical analysis is also presented in Table 1. X;, with i = 1 to n, denoting the
value of growth rate in the i experiment, we calculate:[?°!
n

- the sample mean (M): X = %in 1)
=)

- the sample standard deviation (SSD): S = (2
- the standard error of the mean (SE): SE = S 3)
Jn
SE
- the percentage of error: % =— (4)

X

The results of these calculations are given in Table 1 and illustrated graphically in Figure 7. To
confirm the results of this first analysis, Fisher’s test and Student’s paired t-tests with a
threshold value p = 0.05[2°1 were applied to the data of Table 1. The results for Fisher’s test,
shown in Table 2, are interpreted as follows: when average values of growth rate are followed
by the same superscript, they are considered as not significantly different. On the contrary, if

the superscripts are different, the difference between them is significant.
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TABLE 2 Fisher’s test applied to the data of Table 1. Comparison of G5 and G, in um/s for

three types of composites and Gy values for neat iPP. Mean values with same superscript letter
are not significantly different (Fisher test, p>0.05)

GS C':'TC
(Lm/s) (Hm/s)
Sample B 0.0385 2 0.0397 2
Sample C 0.0371° 0.0398 @
Sample F not shiny 0.0370° 0.0395 2
iPP 0.0400 2

These combined analyses lead to the following conclusions:
- the Gy of the three specimens are not significantly different, and not significantly
different from the growth rate in neat iPP;
- The values of Gg for sample C and F are equivalent, but different from those for neat
iPP;
- The means of Gy and Gy are significantly different from a statistical point of view for

each sample, based on Student’s paired t-tests, confirming that Gy > Gg.

This raises a problem, as for a given iPP, growth rate should depend uniquely on crystallization
temperature, and consequently one should obtain in Table 2 average values not significantly
different. This requires a more in depth analysis. In a first step, we will analyze from a
theoretical point of view which physical parameters are likely to modify the value of growth

rate. This analysis will be based on Hoffman’s theory.
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FIGURE 7 Comparison between the growth rates of bulk spherulites and transcrystalline

regions

Hoffman and co-workers proposed and repeatedly revisited a kinetic theory of growth based on
a mechanism of secondary nucleation.[° 33 They distinguish three different modes of lamellar
growth, called regime I, regime Il and regime Ill, respectively, which differ by the deposit
mechanisms of molecular stems on the growth front. For these three regimes, the growth rate

G of a crystalline entity (e.g., a spherulite) is described by the general expression:

. * Ki
G(TC) = G(I) exp(— ﬁj eXp [— TQ_T)J

(5)

Tc is the crystallization temperature and AT is the degree of undercooling: AT =T —T,_, with
T the equilibrium melting temperature. U* is the activation energy for the transport of
molecular segments across the melt/crystal interface and T is the temperature at which
molecular mobility ceases. Usually, U* = 6270 J mol™* and T» = Ty — 30, T, being the glass
transition temperature. R is the gas constant, equal to 8.314 J mol* K1, G(i) and Ké are constant

for a given regime (i = I, 11, I11).
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We did not determine the values of the physical parameters of equation (5) for the iPP used
here, but we previously studied a polymer which is very close. 34 The values for the latter
polymer will be used here, as our purpose is not to calculate absolute values of G, but only

variations. Hence, Tn? =208 °Cand T, =— 51 °C. The transition from to regime III to regime
Il occurs at about 137 °C, regime 1l corresponding to the higher temperature range. Therefore,

the values for regime Il will be used: InGy'(um)=26.42 and K;'=7.71x10°K?.

Calculations have been done for a G value close to those of Table 1: G = 0.0361 pm at T, =

134.3 °C.
The calculations show that:

- a decrease of T, by 0.3 °C induces an increase of G of 0.0030 um/s, which is close to the

maximum difference between the means of Gg and G;., and also close to the maximum

difference between the mean growth rates in the bulk, observed in Table 1. Therefore, this
difference could result from local temperature changes. However, these changes are small and
can be compared to the performance of the hot stage: according to the HS82 specifications, the
temperature resolution is 0.1 °C and the temperature accuracy is between + 0.4 °C and + 0.8 °C
according to the temperature range. Then, the origin of these changes due to the presence of the

filler should be understood: crystallization is isothermal and has a long duration.

- an increase of AT of 0.2-0.3 °C induces an increase of G between 0.0026 and 0.0040 um/s.
T. being fixed to 134.3 °C, this increase is obtained by increasing Tn?. Tn? is modified when

an additional substance, acting as diluent, is dissolved in the polymer melt. The effect is

generally a depression of the equilibrium melting temperature, which is not pertinent here.
Conversely, an increase of Tn? is obtained, if the polymer melt is oriented or disentangled.!*"]

Disentanglement plays also a role on the transport of molecular segments and equation (5)
should be modified to quantify this effect.*® Roughly speaking, the lower the number of
entanglements along the chains, the higher the growth rate at high crystallization temperatures.
This was checked by Psarski et al.,[* who studied the crystallization of polyethylene from a
melt with lowered chain entanglements. According to the crystallization temperature, the

growth rate increase varied between 22 and 45%.
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In the present case, some local orientation could have been created during the preparation of
the sandwich specimens, but it should have been relaxed during the heat treatment at 220°C
before crystallization.

- a small decrease of K.' induces a significant increase of G: 0.0025 pm/s if
Ky' =7.69x10>K?* and 0.0038 pm/s if K" =7.68x10°K*. As K/ is proportional to the

extremity surface o, , ¥°! this could reflect a modification of the contact between the crystal and

the surrounding melt, resulting from the presence of the fiber.

At first glance, the statistical analysis shows that the G;.of the three specimens are not

significantly different, and not significantly different from the growth rate in the neat iPP.
Therefore, a straightforward conclusion could be that there is no effect of the tissues on the
growth rate and that temperature actually governs growth. We think that this comparison of
average values is not pertinent since the growth rate in the bulk, which is the reference, may
vary from an experiment to another, as shown in Table 1. For this reason, we think that it is

better to compare G5 and G;- measured on the same composite specimen during the same

experiment. This procedure leads to significant differences between them for the three samples.
All these tentative explanations to understand these differences more or less involve a slight
physical or chemical modification of the polymer melt near the tissue. The orders of magnitude
given by our calculations are probably correct, but it would desirable to do them again with the
true Kinetic parameters to get closer to reality. For instance, in the present work, spherulites
observed at 136°C in Figure 3 are of negative birefringence, which means that crystallization
already occurred in regime 11.138]

Finally, the differences in Gg values remain difficult to understand. They could be due to

specimen preparation: difference between single film and sandwich, local orientation created
by flow during specimen preparation but not completely relaxed by subsequent heat treatment...

This remains speculative.

4 Discussion and conclusion
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Different maize tissues were obtained by dry fractionation processes. A first challenge was to
isolate maize stem tissues, to perfectly locate each part in the maize and to perform a first
morphological characterization without any additional concern. The morphological features of
the tissues were identified by optical and scanning electron microscopies. Samples from pith
parenchyma, vascular bundles and rind epidermis were isolated. For each type of tissue, a small
fragment was sandwiched between two films of isotactic polypropylene, and the composite was
subjected to isothermal crystallization experiments, observed by optical microscopy. An
advantage of this procedure is to use only a small quantity of tissue. Second advantage is to

work on a ‘model’ system, matrix and maize tissues being well defined.

Heterogeneous nucleation at the surface of maize tissues has been investigated. In all cases,
more or less numerous semi-crystalline entities originate from the tissue surface, indicating a
moderate nucleating activity. Observations by scanning electron microscopy have shown in
some cases the weakness of the interfacial interactions between filler and matrix. It is not
surprising since no coupling agent like maleic anhydride grafted polypropylene MA-g-PP was
used. It was our choice, in order to study the intrinsic nucleating activity of the tissues, and to

avoid any chemical treatment for environmental respect.

Different crystallization behaviors have been observed as a function of the type of tissue. In the
case of the so-called foam structure, made of pith parenchyma cells, the semi-crystalline entities
do not grow in a columnar front because of the loose surface of the particle. Instead, numerous
spherulites seem to be agglomerated around the particle. In tissues coming from the rind, a
dissymmetrical behavior is observed: surface nucleation on the external epidermis side is much
lower. For other specimens, it is more difficult to identify differences. A first reason is perhaps
that they are constituted by the same type of tissue, e.g., vascular bundles mentioned several
times in Figure 2, and thus the same surface composition. In fact, the surface of vascular bundles
is perhaps always constituted by a sclerenchyma sheath, which is supposed to be relatively
homogeneous in terms of composition. Then, even for an individual sample in a given
experiment, a non-uniform distribution of surface nuclei has been observed. It can also be
mentioned that fine SEM analysis shows that the bundles of sample B are "clean" with little
adherent parenchyma. Therefore the sclerenchyma sheath would be on the surface. Between

sample B and sample C the thickness of the sheath changes, but its composition may not. One
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could then assume that the composition is similar in the sclerenchyma of the bundles of the pith

and the rind of the plant.

To complete the microscopic observations, it would be desirable to quantify the influence of
the tissues on the overall crystallization kinetics. This is in principle possible in our experiments
by optical microscopy. The average transmitted intensity I(t) or DLI (Depolarized Light
Intensity) is deduced from the grey level analysis using the image analysis software (Image J).

The relative crystallinity «(t) is then calculated by:

a(t) ='I(t)—‘l'° (6)
f— o

where |y and | are the initial and final intensities, respectively. This technique was applied

in our experiments. However, at this stage, it was not possible to draw reliable conclusions from
these experiments. One reason is the complexity of the system under investigation: polymer
melt, growing spherulites, the filler as a dark patch with thin semi-crystalline layers at its
surfaces. Furthermore, air or water bubbles formed from pockets within the tissue disturb the
light intensity measurements. From a more general point of view, the determination of
crystallization kinetics from the measurement of transmitted light intensity is a matter of debate.
Indeed, it has been checked for this type of polypropylene that the kinetics obtained by this
method is exactly the same as the one recorded by differential scanning calorimetry (DSC), for
crystallization during a cooling at 10°C/min. However, some discrepancies might occur during
isothermal crystallizations at relatively high temperature, i.e., of relatively long duration, as
here with an isothermal crystallization at 136°C. Light intensity measurements might lead to
apparently shorter crystallization times, because they might not be always able to capture some

slight variations of crystallinity at the end of crystallization.

In our work, growth rates of surface layers were generally higher that the growth rates of bulk
spherulites. These differences are small and can be questioned. They seemed to be significant
in some cases. They were discussed within the frame of kinetic theory of growth.3! Growth
rate differences were also observed in the case of polyester/cellulose nanocrystal composite
fibers by Huang et al.3 The discussion of their results was based on the same elements as in

the present work.
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Additionally, because maize tissue is chemically heterogeneous, at the interface may appear
different types of ‘physico-chemical defects’ that will induce different types of heterogeneous
nucleation and ‘nucleation confinement’ effect. Locally, such heterogeneity in structure (native
structure or biodegradation/combustion) would modify fluid mechanics and also maybe thermal
gradients. This is a very interesting issue that needs further local analysis with better controlling
interface physico-chemistry together with aspect surface of bio-fibers (see in Figure 2 the
surface heterogeneities of the fibers) and confinement-induced local heterogeneous fluid

mechanics and thermal gradients.

Crystallization mechanisms (nucleation and growth confinement) are of mechano-chemo-
physical interest. In a further step, the chemical composition of the specimens should be taken
into account. Following previous work (see Introduction), an important parameter seems to be
the relative proportion of cellulose and lignin. The distribution of cellulose and lignin inside a
maize stem is complex, as shown by FASGA staining procedure.[® Therefore, the correlation
between morphology, chemical composition and nucleation activity remains a difficult task. In
the pith region, parenchyma cells contain more lignin and the neighborhood of vascular bundles
more cellulose.*8 This could be correlated to some of our observations concerning the pith:
transcrystalline zones around fibrillar specimens and spherulites around “foam” specimens.
Nevertheless, the situation is changing, when one moves towards the external regions, which
shows the necessity of an in-depth analysis. The difficulty of relating at a very small scale
nucleation and growth to the physical and biochemical characteristics of the surface is the very
large heterogeneity of these properties which may vary deeply from one place to another in a
plant fragment (it is not depending on fiber arrangements of fiber sizes in the present issue).
The purpose of our work was to minimize these effects by carefully selecting small tissue
fragments. This procedure enabled us to evidence the importance of the type of tissue present
at the surface of a plant fragment. However, to fully understand the mechanisms at stake would
require the measurements of parameters such as the exact polymers at the surface, the
topography of the surface (roughness, presence of voids or channels), the surface tension and
its components. There is no secure way to perform this at a very local scale. This should clearly
be a target for future investigations.

The present work is a first step to demonstrate that different maize tissues affect both nucleation
and growth of isotactic polypropylene in different ways, for example the difference in

nucleation ability between “shiny” and “not shiny” surfaces.
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