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Abstract

The effect of fibre treatments on thermal stability of flax fibre and crystallization of flax fibre/polypropylene composites was investigated. F
thermal stability study, flax fibres have been treated using maleic anhydride, maleic anhydride polypropylene copolymer, vinyltrimethoxy sila
and alkalization. In order to compare thermal stability of flax fibres thermogravimetry (TG) analysis has been used. Kinetic parameters have b
determined by Kissinger method. Results showed that all treatments improved thermal stability of flax fibres. For crystallinity analysis, three differ
techniques have been used, differential scanning calorimetry analysis (DSC), pressure—volume—temperature (PVT) measurements for analy
volume shrinkage and polarized optical microscopy (POM). All techniques results showed that addition of flax fibre increased crystallization ra
Besides, depending on fibre surface treatment and crystallization temperature, flax fibre/PP composites can show transcrystallinity.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction tion of a number of parameters such as mechanical properties,
shape, size, orientation and distribution of the reinforcement and
There is an increasing interest in using natural fibres as reirthe mechanical properties of the matrix. Mechanical properties
forcing agents in composites because they have a number of the matrix are affected by a number of variables including
advantages as they combine good mechanical properties wittegree of crystallinity, size and number of spherul(ii€§. Addi-
renewability and biodegradabilitjl—3]. However, the main tion of filler in PP matrix can affect its crystallization. Besides,
disadvantage of natural fibres is their hydrophilic nature thatmechanical properties of composites are greatly dependent on
lowers the compatibility with hydrophobic polymeric matrices the crystalline structure affected by the fil[@d]. In a previous
during composite fabricatiof8]. In the literature survey4d—9]  work [12], the effects of surface modification on tensile proper-
different surface treatments have been used to improve lignoceiies of single fibres, fibres wettability and fibre—matrix interfacial
lulosic fibre/polypropylene adhesion in natural fibre compositesshear strength were reported. In this paper, thermal stability
The application of surface treatments could affect the thermadnd kinetic parameters for thermal degradation of untreated and
stability of natural fibres. On the other hand, lignocellulosictreated flax fibres have been analyzed. Kinetic parameters have
fibres are submitted to intense heat during composite fabricdseen determined by the Kissinger method. On the other hand,
tion. Therefore, thermal analysis study is necessary to determiraystallization of neat PP and flax fibre/PP composites under qui-
the influence of surface treatments on thermal stability of natescent state has been analyzed. The effect of nucleating ability of
ural fibres and also to observe any degradation process duringntreated and treated flax fibre on PP has also been investigated.
composites production. Most properties of semicrystalline ther-
moplastic polymeric composites materials are a complex func-

2. Approach to thermal stability analysis

* Corresponding author. Tel.: +34 94 3017177, fax: +34 94 3017130. Thermogravimetric data can be analyzed using kinetic
E-mail address: iapmoegi@sc.ehu.es (I. Mondragon). parameters. For many degradation processes, the rate of reaction
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can be expressed as follows: 3. Experimental
% = k(T) f(«) (1) 3.1. Materials
t
wheret is reaction timeg the conversion degree an(f) is the A commercially available polypropylene “Eltex-P HV200"
reaction rate constant. produced by Solvay with a melt flow index of 10g/10 min
Conversion can be defined @], (at 230°C and 2.16kg) was used as polymeric matrix. Ret-
ted flax fibre bundles kindly supplied by Finflax Company
= o~ W ) (Finland) were used. As compatibilizers Epolene E43 (maleic
Wo — Woo anhydride—polypropylene copolymer) produced by Eastman

Chemical, maleic anhydride (MA) obtained from Cepsa Com-
S S A S S 8
k, the constant of the rate of reaction, is generally expressed - } ) X
by Arrhenius equation as : yexp weight (M, = 3900 and,y = 9100), 0.934 g/mL density and acid
’ number of 4918]. On the other hand, alkalization was carried
E outusing NaOH pellets. Fibres were treated with 10 wt% of MA.
KT)=Aexp| - () Fibres were esterified for 25 h with MA and dissolved in boiling
_ _ _ acetone (50 +5°C) with a fibre/solvent ratio of 1:25 (w/v).
whereA is the pre-exponential factor (1/minj, the apparent  Thereafter, fibres were washed several times in cold acetone
activation energy (J/mol); the absolute temperature (K) aRd  and distilled water, and finally dried in an oven at 205[19].

wherew, wg andwy, are the mass ag0 and at the termination

is the gas constant (8.3136 J/mol K). Treatment with 10 wt% MAPP was also used. For this treatment,
Combining Egs(1) and(3), it results in the following equa- MAPP was dissolved in boiling xylene &1504 5°C) with a
tion: fibre/solvent ratio of 1:25 (w/v). Then, the fibres were soaked in
E the solution for 5—6 min. As in the former case, the fibres were
rri p <_RT> f(@) (4)  washed and carefully drig@l9,20]. For silanization, VTMO was

dissolved in acidified water (pH 3.5) for 10 min to get a better
wheref{a) is the kinetic function which depends on the reac-functionalization. Then, the fibres were added and maintained
tion model[14,15]. Its definition is normally very complicated for 1h in the solution to obtain a 2.5wt{21]. Alkalization
because many reactive processes may occur simultaneousignsisted in soaking the fibre in a 20 wt% aqueous solution of
[16]. The simplest model used to describe the kinetic functiorsodium hydroxide for 1 h at room temperature. Afterwards, the

fla) is the following[13]: alkalized fibre was washed for several times in distilled water
followed by neutralization with a few drops of acetic acid. Fibres
fl@)=01-a) (5)  were then washed again and finally dried in an oven. The ratio
. . of fibre weight to alkali solution volume corresponded to 1:20
wheren is reaction order. [22]

Taken into account that is the heating rate used in thermo-

gravimetric analysis (# d77dr) 3.2. Composites fabrication

do E

ar ~ B exp <_RT> (1—-a) (6) For crystallinity analysis with DSC and PVT techniques,
30 wt% flax fibre bundle composites were fabricated. Flax fibre

Kissinger methoil 7] supposes afirst-order kinetic$/l). This  bundles were first chopped to a length of approximately 30 mm

method allows the calculation &ffrom a pointZmax, beingTmax ~ and the diameter values varied from 10 to 320. Prior to

the temperature at the maximum of the derivative thermogravimixing, fibres were dried in a vacuum oven at 2@for 12 h.

metric curve (DTG),

d’a A E do E
— =0="(——(A—-a)"+n(l—a)" (- - 7
(dT2> p <RTr%ax( ey bl —e) ( dTmax)) exp( RTmax) ()
max
| B | E E 1 Compounding of the materials was carried out using an inter-
n 2 =N AR) R \ Tmax ®)  nal mixer (Haake Rheomix 600 with two Banbury rotors). The

mixing temperature was set at 180 and after loading all com-
Plotting In(B/ 72.,,) against (1/%ax) the slope of straight line is  ponents, they were mixed for 5 min at 40 rpm. The mixture was
—EIR. pelletized and kept in a vacuum oven at 2@0for 12 h. Mould-

For each degradation step a sudden mass loss was obsenieg of the dried pellets was carried out in an injection-moulding
and the activation energy can thus be calcul§t&ll However, machine (Battenfeld Plus 250). DSC and PVT measurements
we have focused our attention on the second mass loss whichhsve been carried out with small pieces cut from moulded com-
flax fibre main degradation step. posites.
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3.3. Thermogravimetry analysis (TGA) Single fibre-embedded PP film samples were prepared by
placing an untreated or treated fibre on the molten PP covering
In order to study thermal stability of untreated and treatedhem with a cover slip. The system was heated above the melting
fibres, thermogravimetric analysis has been carried out usingtemperature of PP and maintained at 2G0for 5 min to erase
Setaram 92-12 thermoanalyzer. Samples weighing between 1Be previous thermal history. Then, samples were cooled at a
and 20 mg were placed in ceramic crucibles and tests were camate of 10°C/min to different crystallization temperatures (134,
ried out in helium atmosphere between 30 and8DMDifferent 140 and 145C).
scan rates were used, 5, 10, 15 and@0nin.
4. Results and discussion
3.4. Differential scanning calorimetry analysis (DSC)
4.1. TG measurements
DSC measurements were performed using a differential scan-
ning calorimeter (DSC 822e, equipped with an intracooler, Thermogravimetry (TG) and DTG curves for untreated flax
Mettler Toledo). Temperature calibration and determination ofibre bundles obtained in helium at different heating rates are
the constant time of the instrument were performed by usinghown inFig. 1. Three weight loss stages can be seen, which is
standards of In and Zn, and the heat flow calibration with In.in agreementwith other lignocellulosic fibre studi3-25]. For
Isothermal and dynamic scans were carried outin nitrogen atmall samples studied, the first weight loss observed is attributed

sphere. to the evaporation of wateFable 1shows that treated flax fibres
became more hydrophobic after treatments as the amount of
3.4.1. Isothermal measurements water weight loss decreased. The arithmetic mean from all heat-

Samples between 5 and 10 mg were heated t6@2Ghd the  ing rates was used to obtain values for moisture level. About
melt was held 5 min to erase the thermal history of the polymer8—40% reduction in the moisture content was observed as a func-
Then, samples were cooled at two different cooling rates (5 antion of the treatment used. It is evident that untreated and treated
20°C/min) to a given crystallization temperature(7isother-  flax fibres contain a significant level of water, which is released
mal crystallizations were carried out at different temperatureswhen flax fibre/polypropylene composites are produced, con-
134,140 and 14%C, to analyze the effects on the crystallization firming the need to pre-dry these fibres prior to processing, or

kinetics. The results were analyzed using Avrami theory. to employ devolatilization procedures during compounding to
remove evolved steaifi26]. The second peak is related to the
3.4.2. Dynamic measurements degradation of cellulose, hemicelluloses and pedi¥%28].

For dynamic testing, previously isothermally obtained sam-Except for silane and alkali treated fibres, all fibores DTG curves
ples were used which were heated from 25 to D@t a rate of  show a shoulder between 250 and 36QFig. 1a) which corre-

10°C/min. sponds with the pectins and hemicelluloses corj28it Alkali
treatment removes pectins and hemicelluloses which degrade
3.5. Pressure—volume—temperature measurements (PVT) at lower temperature, thereby the peak of DTG did not show

a shoulder after fibre alkalization. For VTMO treatment, the
A pressure—volume—temperature analyzer (SWO/Haakabsence of shoulder could be explained by the thermal stabil-
PVT 100) was used to measure the volumetric shrinkage duriny improvement of hemicelluloses and pectins. For sisal fibres,
crystallization process. Several isotherms (134, 140 and@}5 Joseph et a[23] suggested that the third peak, between 450 and
under 200 bar pressure were carried out to measure specific vol-

ume variations along the time. Samples between0.6 and1gwere  0fF —<wii . ... . 5 9C/min
heated to 200C and melt was held 5 min to erase the thermal % i - === 10°C/min
history of the polymer. Then, 400 bar pressure was applied to ___;g gmg

release bubbles and samples were cooled &Cifin cool-

ing rate under 200 bar to a given crystallization temperature
(T¢) where crystallization was allowed to occur until comple-
tion. Isothermal crystallizations were carried out at temperatures
selected in DSC measurements. Results were also treated with  0F
Avrami theory.

(o))
o
—

Mass loss (%)

©
o
T

3.6. Polarized optical microscopy (POM): crystallinity

DTG (%/min)
3
T

Nucleation studies were carried out by using a Nikon Eclipse ~ -20 L% %, N ! : ! : -
E600W polarized optical microscope equipped with a Met- 0 200 400 600 800
tler hot stage (model FP82HT). Photomicrographs of growing Temperature (°C)
spherulites and transcrystalline Iayerwe.re takenattime mten{aﬁg. 1. TG and DTG thermograms of untreated flax fibres at different heat-
to evaluate the growth of both spherulites and transcrystallingg rates. Magnified view in the temperature range of: (a) 2502888nd (b)
layer. 400-700°C.
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Table 1

The first peak mass loss percentages and kinetic parameters calculated from Kissinger equation for thermal degradation of untreated and treated flax fibres
Treatment Mass loss, % fdak °C) Kinetic parameters

5°C/min 10°C/min 15°C/min 20°C/min Mean value Im E (kd/mol)

Untreated 8.01 (87) 10.1 (102) 7.94 (128) 10.0 (107) 9.02 23.8 138

VTMO 4.37 (80) 7.18 (104) 3.96 (111) 6.05 (108) 5.39 17.3 169

MA 4.21 (88) 5.91 (94) 4.90 (104) 7.40 (97) 5.60 24.3 140

MAPP 4.90 (76) 6.50 (78) 5.93 (99) 6.71 (104) 6.01 26.9 154

NaOH 8.34 (87) 8.92 (95) 6.98 (109) 9.31(108) 8.39 27.2 159

550°C (Fig. 1b), might be due to the further breakage of decommer crystallization kinetics under isothermal conditions. The
position products of fibres. At 35, the formation of aromatic  basic isothermal expression which relates the change in crys-
compounds starts, and between 400 and°&)@hey constitute tallinity with time is:
88% of the ash. Ash produced by pure cellulose consists mainlx, — 1 — exp(—ki") )
of polycyclic aromatic compoundg4]. All fibres have a resid- e P
ual weight between 17 and 24 wt% at 780 Devallencourt whereX; is the relative crystallinitys the time,k the kinetic
et al. [29] observed residual weight about 17% for celluloserate constant andis the Avrami exponent which is a parameter
ashless filter paper after heating from 20 to 900In an inert  depending on the geometry of the growing crystals and on the
atmosphere, the end-products of the degradation of cellulose aneicleation procesg1]. Eq. (9) can be transformed into loga-
carbonaceous residues plus undegraded fillers, when they exighmic form. Therefore, the values afandk were calculated
[29]. As during flax plant growing, plant needs inorganic com-from the slope and the intercept, respectively, of the straight
pounds as nutrients, these inorganic compounds will show up itine obtained by plotting log(—In(% X;)) against log [31].
the ash24]. Fig. 3shows Avrami theoretical and experimental values corre-
Thermogravimetric data can also be analyzed using kineticktion at7. =134°C. A good agreement between experimental
parameters such as activation energy and pre-exponential factand theoretical values was observed for all samples. Besides,
Table 1shows the kinetic parameters calculated from Kissingeat the later stages of crystallization data deviated from the lin-
equation for degradation of untreated and treated flax fibres imarity. This deviation has been attributed to the occurrence of a
helium flow. E values obtained by Devallencourt et @9] for ~ secondary crystallizatiof30,32]. The obtained Avrami param-
different cellulose samples using Kissinger's method are in theters,n, and the kinetic constant, are reported irfable 2.
range of 173-177 kJ/mol. On the other hand, Van de Velde antihe interpretation of the kinetic data revealed some difficul-
Kiekens[24] reported that the activation energy of flax fibre ties: e.g. the starting time of crystallization cannot always be
ranges between 92.4 and 181.7 kJ/mol in nitrogen atmosphepgecisely determined, the initial section of the crystallization
using Broido formula. So that, our values are of the same orddsotherm is recorded inaccurately at |G and the value;
of magnitude as for cellulosic fibres reported in literature survey(the relative crystallinity at infinitive time) cannot be exactly
All treated fibres showed high&rvalues than those of untreated determined33]. The observed values of Avrami exponent for
flax fibre ones resulting in thermal stability improvement sincePP vary from 2.34t0 2.89. Inthe literature survey for calorimetric
a higher value ot points to a more stable substance. Similarmeasurements, the Avrami exponentvaries between 1.9 and 3.56
trends were observed by other authors for other lignocellulosi¢30,31,34]being the Avrami exponent values obtained in this
fibres [25,27]. Zafeiropoulos et al1] found that acetylation work in the range of those reported in literature. Their fractional
and stearic acid treatment of flax fibres improved their thermabalues would be considered representative of the nearest integral
stability. Therefore, all surface treatments improved in some
extent flax fibre thermal stability. Taking into account that only
MAPP treatment increases both tensile strength of flax fibre and 0,00
flax fibre/PP adhesion as reported in a previous pgdycrys-

. _ : _ =g —o— 5 °C/mi
tallinity study of short flax fibre reinforced polypropylene matrix hS - o 20°C/min
[ T=140°C

composites has been performed for MAPP-treated fibre and for 003} || ]

comparison purpose untreated fibre and neat polypropylene have 'ﬂ If ocecf 3 P/fﬂ*
been used. na Pt
\ \ F -0,0025 [
-0,06 | ‘WL%‘, .
4.2. DSC measurements \| 00080 T=145°C
B .

Fig. 2shows the DSC thermograms for pure PP obtained in -0,09 ST
different isothermal processes. Several models have been pro- #
posed for the theoretical treatment of isothermal crystallization
kinetics[30]. Avrami model is universally used to describe poly- Fig. 2. DSC thermograms under different crystallization conditions for neat PP.

Heat Flow (w/g)

T eoq 800

200 400
Time (min)
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Table 2

Avrami parameters under different crystallization temperatures measured by DSC for neat PP, 30 wt% untreated flax + PP and 30 wt% MAPP-treated flax + PP

Sample Tc 5°C/min 20°C/min

n k (min~") t1/2 (min) n k (min—") t172 (min)

PP 134 2.51 1.4% 1074 30.1 2.62 1.61x 104 24.2
140 2.52 1.08 103 81.6 2.34 4.46x 1075 61.2
145 2.34 1.5% 1076 260 2.89 5.52x 108 288

30 wt% untreated flax + PP 134 2.31 128073 15.2 2.20 1.75x 1073 15.2
140 2.57 2.43 1075 54.2 2.28 7.79% 1075 55.3
145 2.64 1.3 10°® 140 2.47 4.61x 1076 126

30 wi% MAPP-treated flax + PP 134 2.40 736073 6.6 2.34 5.53x 1073 7.8
140 2.89 1.3% 1073 40.2 2.49 6.48x< 1072 41.3
145 2.74 1.66< 1076 108 2.54 457x 1076 110

values or an average contribution of simultaneous occurrence ¢fy,), heat of fusion (AH) and percentage of crystallinity X
various types of nucleation and growth of crystallization, eactdetermined from the fusion run after isothermal crystallization
conforming to different integral values of the exponeri85]. process, are summarizediable 3. The values df, and AH;
Crystallization rates of all systems are strongly influenced by thevere obtained from the maxima and the area of the melting
crystallization temperature. It is observed that increasing cryspeaks, respectivel0]. The degree of crystallinity, of sam-
tallization temperature involves a decrease of the crystallizatioples was calculated as follo&0]:
rate. On the other hand, cooling rate did not have any significant AH;
effect on Avrami parameters. Xe=——

After flax fibres addition crystallization process was faster A Hy

probably due to the fibres acting as an efficient nucleating agemjeinga Hy the heat of fusion of a hypothetical 100% crystalline
for the crystallization of PP and, consequently, increasing thgamp|e and\ Hy taken as 209 J/4.0,13,31].
crystallization rate of PIP36,37]. Besides, MAPP-treated flax |t s clear fromTable 3that the addition of flax fibres to PP
fibre composite showed the fastest crystallization process. Lopgzuses only a marginal effect on tiig which is in agreement
Manchado et al[38] found for sisal fibore/PP/EPDM COMpPOS- with results reported by Joseph et E3] for sisal/lPP com-
ites that Avrami exponent values obtained by DSC data variegosites. However, they found that as a result of fibre surface
between 2.20 and 2.96, similar to those obtained in this study.modification by chemical treatments the compatibility between
Fig. 4shows DSC heating scans of neat PP after crystallizaghe fiore and PP matrix was increased favouring interaction
tion process. Samples have been cooled from the melt to thgatween the fibre and PP, so resultingip changes which is
crystallization temperature at&/min. These curves show sin- iy contrast with the values reportedTable 3. Increasing crys-
gle fusion endotherm with two shoulders. The position of therg|lization temperature, melting temperature is increased. This
peak and shoulders varies depending on the isothermal condizhaviour could be explained by the formation of more perfect
tions used. Multiple fusion endotherms of iPP are believed tqrystals during crystallization. After addition of flax fibres, the
be due to the recrystallization of originally formed imperfectyajues ofAH; decrease because fibres act as a diluent in the PP
crystals[35,39]. Thermal parameters as melting temperaturgnatrix [41]. However, taking into account the mass fraction of

(10)

1,0 F

o Untreated
A MAPP-treated

Endo

0,6

T.=140°C

Heat Flow

0,4

Relative crystallinity

0,2

0,0 M
0 50 100 1 i |
Time (min) 140 160 180
Temperature (°C)

Fig. 3. Extent of relative crystallization of samples cooled at@@nin and at
T. =134°C obtained by DSC, experimental values (open symbols) and theoretFig. 4. DSC heating scans after crystallization at different temperatures for neat
ical values (line). PP.
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Table 3
Thermal parameters calculated from the fusion run after isothermal crystallization at several temperatures for neat PP, untreated and MAPP-treated flax fibr

composites

Parameter T.=134°C T.=140°C T.=145°C
PP Untreated MAPP PP Untreated MAPP PP Untreated MAPP
Tm (°C) 168.4 167.7 167.8 1715 171.0 170.5 174.6 174.4 173.9
Ht (J/%ompositd 104.3 74.8 67.4 104.9 78.6 68.0 119.9 76.8 79.9
H; (J/gpp) 104.3 106.8 96.3 104.9 112.3 97.1 119.9 109.7 114.1
Xc (%) 49.9 51.1 46.1 50.2 53.7 46.5 57.4 52.5 54.9

PP in composites (0.7), and compariXigof neat PP with the crystallinity upon time for different samples. As for DSC mea-
percentage of crystallinity for the PP component in the compossurements, good agreement between experimental and theoret-
ites, except forf, =145°C, samples with untreated flax fibre ical values was observed for all systems. The obtained Avrami
showed higher crystallinity percent values than for unfilled PPparameters;, and the kinetic constarit,are reported iffable 4.
Therefore, below 145C untreated flax fibre surfaces seemto actThe observed values of Avrami exponent vary from 1.17 to
as nucleation agent. However, whEgr 145°C, untreated flax  1.54. Therefore, the values obtained by the PVT technique are
fibre nucleation sites seem to be deactivated. For MAPP-treatddwer than for previously reported DSC values. The value of the
fibre system, for all crystallization temperatures the crystallineAvrami exponent depends on the applied experimental method
index values obtained are lower than for neat PP. Althoug45]. He and Zolle46] found that for pressurized dilatometry
treated fibres have some active points, these points are not sufieasurements, the Avrami exponent of isotactic polypropylene

ficient to increase crystallinity index. varied between 1.3 and 1.7 (134—2€). So that, our values are
close to those reported values. However, Watanabe §4il.
4.3. PVT measurements found that for PP under various pressures in static condition, the

Avrami exponent value of 3 gave the best fit to experimental data.
In order to analyze the effect of pressure on crystallinity rateCrystallization rates obtained under 200 bar pressure are higher
PVT technique has been usdglg. 5 shows the variation of than those obtained by DSC under atmosphere pressure as crys-
specific volume for neat PP obtained in isothermal processdsllization was accelerated by pressure. As for DSC values, the
under 200 bar pressure. During crystallization the specific voladdition of flax fibres increased crystallization rate probably, as
ume decreases rapidly due to the lower specific volume of thenentioned above, due to the fibres acting as an efficient nucle-
crystalline regiong42]. The following expression relates the ating agent for the crystallization of PP. The fastest system is

change in crystallinity as a function of specific volufd8]: MAPP-treated fibre/PP composites followed by untreated flax
v — Vo composites, being the slowest one neat PP system. The same
Xy = I (11)  order was also obtained in DSC measurements.
oo — Yo

wherev;, vo andv, are the specific volumes gt0 and at the 4.4. Polarized optical microscopy
termination times, respectively. As can be seen, after crystal-

lization the specific volume does not change any longer. Avrami In order to study morphology, micrographs have been ana-

equation can be used to analyze the crystallization kineticsq sed by POM. Zafeiropoulos et al47] studied the effect
polymers, both at atmospheric and higher presddsFig. 6 9 y ' P [47]

shows Avrami theoretical and experimental values of relative

1,01 PN = s
132} > 08f
=) E
= ] = PP
§ 128} —o—134°C 5 06 o Untreated
= dﬁ ©0—140°C E‘ A MAPP-treated
£ 1 q —A—145°C
=} ' 2 04
S L& £
> t24p ! 3 k-
s | T o2}
Y 3y
P oot AbAA A
0.0 " 1 L
1 1 1 1 1 0 50 100
0 200 400 600 800 1000 Time (min)

Time (min)
Fig. 6. Extent of relative crystallization of samples under different crystalliza-

Fig. 5. Variation of specific volume under 200 bar pressure at different crystaltion temperatures obtained by PVT, experimental values (open symbols) and
lization temperatures for neat PP. theoretical values (line).
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Table 4
Avrami parameters under different crystallization temperatures as measured by PVT for neat PP, untreated flax/PP composites and MAPP-treated flax/PP comp
Tc PP 30 wt% untreated flax + PP 30 wt% MAPP-treated flax + PP
n k (min—") t1/2 (Min) n k (min~") t1/2 (mMin) n k (min~") t1/2 (min)
134 1.17 2.63 1072 16.2 1.32 2.76¢ 1072 11.5 1.17 6.30x 1072 7.8
140 1.37 2.56¢10°3 59.2 1.38 4.0%10°3 41.0 1.54 3.14x 1078 33.2
145 1.31 6.88< 1074 194.4 1.33 1.54 1074 97.8 1.43 1.05< 104 92.1

of different cooling rates from the starting to the crystalliza-radially outwards from this nucleus and by successive branch-
tion temperature on transcrystallinity of flax fibre/PP compositang form the typical spherulite structure. When the spherulites
materials. They found that the cooling rates did not have any sigmpinge onto each other spherulite growth stops and the second
nificant effect upon transcrystallinity. Therefore, and also takingstage starts. The secondary crystallization occurs more slowly
into account DSC results, POM study has been carried out onlgeing associated with material trapped within or between the
at one cooling rate (18C/min). spherulite§42,48].

In general, polymer crystallization can be divided into two  Transcrystalline morphology is characterized by a dense
stages. The first stage (primary crystallization) is associated witheterogeneous nucleation of the matrix crystals at the fibre
the growth of spherulites which starts when a small stable crystaurface which grow perpendicular to the fibre axis, since
(nucleus) has formed in the melt. The crystalline lamellae growneighbouring nuclei will hinder the lateral extensipt®,50].

(a) (b)

Fig. 7. Polarized optical micrographs of crystal growth of different samples after 50 min a€1g#) neat PP, (b) untreated flax + PP and (c) MAPP-treated flax + PP.
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(c)

Fig. 8. Polarized optical micrographs of crystal growth of different samples after 204 min a€148) neat PP, (b) untreated flax + PP and (c) MAPP-treated
flax + PP.

Transcrytallization (TC) is possible if the energetic conditionsThickness of the TC layer increases with time. The TC layer is
of nucleation are more favourable on the fibre surface than in theot symmetrically developed around the fibre which is in agree-
bulk of the melt{33]. The growth of TC proceeds perpendicu- ment with the results obtained by other aut{dd. Besides, the
larly to the fibre until the growing frontimpinges with spherulites nucleation density on untreated fibre surface is higher than on
nucleated in the bulfs0]. The mechanism by which TC layers MAPP-treated fibre onerig. 8a—c shows the isothermal crys-
occur is not fully understood and there are no rules to predict th&llization at 140C for neat PP, untreated and MAPP-treated
appearance of TC in a particular fibre/matrix system. Besides, ifgolypropylene composites, respectively. While untreated fibre
effect on the properties of composites and on interfaces remaireas active surface which induces transcrystallization, this is not
controversia[50]. The ability of different cellulose based fibres observed in the case of MAPP-treated flax fibres. Therefore,
to induce transcrystallinity in PP composites has been reportedrystal morphology in a fibre reinforced thermoplastic compos-
[23,40,47,51,52|n the literature. ite is strongly influenced by the surface treatment of filpde$

Fig. 7a shows that the spherulitic morphology produces dut also by temperature. For PP—cellulose composites, it has
characteristic “Maltese cross”, i.e. dark cross through the centrieeen stated that pre-treatment with various chemicals of the cel-
of the spherulite with wings in the direction of the planes of thelulose surface inactivates the surface features responsible for
analyzer and of the polarizg83]. Fig. 7b and ¢ shows polarized nucleating the transcrystallinify@1]. Son et al[52] expected
light microscope micrographs of a single flax fibore embeddedhat the coupling agent MAPP, which improves the interfacial
in molten PP. At high super cooling values (Fig. 7b and c),interaction between cellulose and matrix, would be located at the
untreated and MAPP-treated flax fibres act as nucleating ageimterfacial region. According to this, it was expected that tran-
for PP as nucleation occurs preferentially along the fibre axescrystallinity would be inhibited or barely appeared by MAPP,
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(c)

Fig. 9. Polarized optical micrographs of crystal growth of different samples after 144 min &€14&) neat PP, (b) untreated flax + PP and (c) MAPP-treated
flax + PP.

which is in agreement witkig. 8c. For MAPP-treated fibres the is strongly influenced by crystallization temperature and the
density of nuclei in the transcrystalline layer was lower than forincrease in crystallization temperature reduced transcrystallinity
untreated flax fibre. This suggests that MAPP treatment modib1]. At 145°C (Fig. 9b and c) no transcrystalline layer was
fied the nucleation ability of flax fibre surface, thereby reducingobserved. Wagner et db4] showed that the number of active
the density of transcrystalline layer. As isothermal crystalliza-crystallization centres depends on the degree of supercooling.
tion time increased, transcrystalline regions around fibre and

spherulites in PP matrix propagated continuously. Their growtd.5. Radii of spherulite and TC layer thickness

was terminated at certain time due to the impingement between

them[52] and the matrix crystals. It can be seen that the number Fig. 10shows the radii (r) of the biggest spherulites against
of nuclei increases initially as the temperature of crystallizatiorgrowth time for different crystallization temperatures for neat
decreases (Figs. 7b and 8b). Increasing supercooling, being ti®. Initially, nice straight line is obtained for each temperature.
difference between the melting temperature of the matrix and thAs can be seen the valuesrditart to level off at later stage, the
used isothermal crystallization temperat{68], the thickness reason for this being growth is stopped by impingement of the
of the transcrystalline layer decreased. The higher the crystaspherulites.

lization temperature, the thicker the TC layer was. In addition Fig. 11 shows transcrystal thickness as a function of time
to density of nuclei on flax surface decrease with increasingt different crystallization temperatures for untreated flax fibre.
temperature, the formation of the TC layer became sl¢g#idr  Growth rate was linear and decreased with increasing crystal-
The nucleation density on both fibres and bulk decreased wittization temperature, which is in agreement with DSC and PVT
increasingl; [45], as shown irFigs. 7-9. Transcrystallization data reported above. For talc/PP system, Naiki dial.found
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that treated fibres exhibit high€rvalues compared to untreated
T flax fibre ones. Avrami model used to describe polymer crys-
tallization kinetics under isothermal conditions showed a good
A agreement between experimental and theoretical values for all
OA‘@ systems. Isothermal crystallization was carried out in the tem-
perature range of 134-148 by DSC and PVT measurements,
and the values for Avrami exponent ranging from 2.34 to 2.89
and from 1.17 to 1.37, respectively, for PP were determined. For
flax fibre/PP composites the Avrami exponent values obtained
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o by DSC and PVT data were 2.18-2.89 and 1.17-1.54, respec-

tively.

Calorimetric and volume measurements investigations
showed that the incorporation of flax fibre in PP matrix causes
an apparent increase in the crystallization rate. Besides, the
crystallization rate is strongly influenced by crystallization tem-

Fig. 10. Growth of polypropylene spherulite radii as a function of time underPerature, fibre addition, fibre surface treatment and the pressure
different crystallization temperatures.
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applied. The cooling rate from the melt to the crystallization
temperature was found not to affect crystallization kinetics.
Optical microscopy results showed that the presence of flax
fibres could lead to the development of transcrystallinity. The
formation of transcrystalline structures is function of crystal-
lization temperature and fibre surface treatment. The increase
in crystallization temperature reduced the formation of tran-
scrystallinity. MAPP-treated flax fibre composites showed lower
transcrystalline density than composites with untreated fibres.
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Fig. 11. Growth ofthe transcrystalline region from flax fibre as a function of time f
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