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The effect of vapor grown carbon fiber (VGCF) on the morphology, crystallization and
melting behaviors of isotactic polypropylene (iPP)/high density polyethylene (HDPE) blend
have been studied by means of Scanning Electron Microscopy (SEM) and Differential
Scanning Calorimeter (DSC). It is found that the addition of VGCF results in a dramatic
change in the morphology of iPP/HDPE blends. The crystallization peak temperature and
melting point of iPP are not altered significantly by the blending. However, the degrees of
crystallinity of iPP in the blends are reduced. Compared with the unfilled blends, the
crystallization peak temperatures of iPP increase dramatically for the composites. The
isothermal crystallization behavior of iPP is further investigated. The analysis of the
crystallization half time shows that the crystallization rate of iPP is reduced by the presence
of HDPE melt, and is enhanced by carbon fibers. For the unfilled blends in which iPP is the
major component, the Avrami exponent closes to 3, independent of the HDPE content.
However, for the composites, the Avrami exponent varies with the composition in a rather
complex manner. An explanation based on heterogeneous and homogeneous nucleation is
supposed. The sharp changes in the crystallization and melting behaviors for the
composites containing 30-35wt% HDPE correspond to the sudden change in the
morphology of the two phases. It is supported by the observation of SEM and the electrical
measurement. © 2000 Kluwer Academic Publishers

1. Introduction ing two crystalline polymers, the physical properties of
The technique of blending two polymers for obtaining the blends may be altered not only by the composition
a balanced combination of properties has been recodput also by changing their relative crystallization be-
nized as a cost-effective method to tailor-make matehavior. Depending upon the difference in the melting
rials to meet specific end-use requirements [1-6]. Theoints of the component polymers, the crystallization
ultimate properties of the blends consisting of two crys-conditions would change. For example, if the differ-
tallizable polymers are determined partly by the crys-ence in the melting points is small, both the polymers
talline morphology of the blends, which in turn dependsmight crystallize over the same temperature range. On
on the relative rates of nucleation and crystal growth othe other hand, if the melting point difference is sig-
the component polymers. The constituent polymers canificant, then one of the components would crystallize
either crystallize at the same time or separately in sei the presence of the melt of the other component.
guential manner, leading to different morphologies and/hereas the second component in this case would crys-
hence different properties. Thus, in a blend containtallize in the presence of the solid phase of the first

* Author to whom all correspondence should be addressed.

0022-2461 © 2000 Kluwer Academic Publishers 673



component. The presence of the second fluid or solidization characteristics of the polymer matrix. Recently,
phase would influence the relative rate of crystallizationmany efforts have been made to characterize the effect
and the degree of crystallinity, thereby modify the mor-offiller on the crystallization of a variety of thermoplas-
phology. tic polymers [27—-33]. Experimental evidence confirms
Martuscelli has reviewed the effect of composition that fibers can influence the crystallization kinetics and
and crystallization condition on the morphology and morphology of the matrix. The fiber surface may actas a
crystallization behavior of polymer blends [7]. He has nucleating agent during processing a carbon fiber filled
presented the results in terms of various parametensolymer. In this case, the morphology of the polymer
such asradial growth rate, overall rate of crystallization,js considerably altered in the vicinity of the nucleat-
equilibrium melting point, lamella thickness and long ing fiber surface. The subtle nature of the interlayer
period. In the case of compatible crystalline/amorphousegion between polymer and fiber, or the interphase, is
blends, a decrease in the radial growth rate and a derucial in determining the properties of polymer com-
pression in melting point was observed with increas-posites. So, the modification of crystalline morphology
ing content of noncrystalline component. In the casepromoted by fibers is of great interest and it has become
of crystalline/crystalline blends, a decrease in the rathe central goal of many studies [34].
dial growth rate, long period and lamella thickness was Although the morphology, crystallization and melt-
observed. Santana and Muller have studied the crysng behaviors for either binary polymer blends or one
tallization behavior of isotactic polypropylene (iPP) crystalline polymer containing filler systems have been
blended with atactic polystyrene (PS) [8]. It has beerextensively studied. But there are few reports in the
found that the nucleation mechanism of iPP in immis-literature dealing with systematic studies of crystal-
cible iPP/PS blends can be strongly influenced by thdization for the polymer blends containing fillers. The
morphology of the blends. If iPP component is finely main reason may be due to the difficulty of the inves-
dispersed in the matrix of the amorphous PS compotigation resulting from the complexity of this field. For
nent, the nucleation mechanism changes from prefelindustrial purposes, however, polymer blends are usu-
entially heterogeneous to preferentially homogeneouslly used in the presence of fillers. Therefore, a scien-
as the size of the dispersed iPP domain decreases biific study of the influence of the filler on morphology,
low a critical value. In a study of blends of polypropy- crystallization and melting behavior of the component
lene with poly-1-butene, Siegmann reported that thegolymers in the blend is essential to the understanding
crystallization process of two components was signif-of how to optimize processing conditions and proper-
icantly affected, resulting in a lower degree of crys-ties. In our previous papers [35, 36], we have reported
tallinity, depression in melting point and a change inthat vapor-grown carbon fiber (VGCF) is selectively lo-
morphology from spherulitic to branched crystallites cated in the HDPE phase for VGCF filled iPP/HDPE
[9]. The crystallization behavior of iPP blended with and HDPE/PMMA blends systems. The preferential
ethylene-propylene copolymers (EPR) was studied byccumulation of fillers in the HDPE phase results in
Greco [10]. The results showed that the overall crysthe formation of conductive network in this phase at
tallinity of iPP decreased for the blends with respect tovery low total filler content, and enhances the conduc-
pure iPP. tivity of the composites. The electrical properties de-
The properties of the blends containing two crys-pended on both the dispersion state of the fillers and
tallizable components depend strongly on their crystthe morphology of the blends. It can be expected that
allinity, crystalline morphology and degree of disper-the dispersion of carbon fibers may be affected by the
sion [11-18]. The presence of dispersed particles mightrystallization behavior of the components during the
cause large changes not only in the morphology of theolymers crystallized from melt, on the other hand, car-
continuous phase, but also on the overall kinetics obon fibers can influence the crystallization kinetics and
crystallization and spherulite growth rate. The blendsmorphology of the matrix. In the present work, the ef-
of iPP with low or high density polyethylene (LDPE, fects of carbon fibers and HDPE on the morphology,
HDPE) have been investigated by several authorsrystallization and melting behaviors of iPP have been
[19-23]. It has been found that iPP is immiscible with studied.
polyethylene, and the blend forms a heterogeneous
two-phase system. PE inclusions in iPP matrix con-
stitute geometrical obstacles to spherulitic growth anc®2. Experimental
cause large changes in their morphology, but they havé.1. Materials and preparations
very little effect on the growth rate [24]. On the other High density polyethylene (HDPE) (E891(C), from
hand, large changes have been reported in the overdihon Sekiyu Kagaku Co.) and isotactic polypropy-
kinetics of crystallization and in the spherulite nucle-lene (iPP) (FA110, from Showa Denko Co.) were used
ation in blends compared to pure polypropylene [25].as matrices. Vapor grown carbon fiber (VGCF) (average
Guptaet al. have reported an enhancement in nuclelength 10um, average diameter 0/2m, from Showa
ation, reduction in size of crystallities and a lower de-Denko Co.) was used as a filler. The polymers were
gree of crystallinity in the polypropylene blended with firstly mixed on a two-roll mill at the temperature of
high density polyethylene [26]. 190°C for 5 min, followed by adding the filler into the
For a crystalline polymer filled with fibers, the fibers mixture and mixing for 10 min. Prior to the mixing, the
have the potential to modify dramatically the crystal- polymers were dried at 8C for 24 h, and the filler was
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dried at 130C for 3 hunder vacuum. The samples were2.2. Observation of scanning electron

molten at 190C for 10 min and compressed under the microscopy (SEM)

pressure of 18 MPa for 15 min, followed by quench-The samples were heated at a rate ¢fCltnin up to
ing into water to obtain the films with the thickness of 200°C, kept for 5 min, cooled at°&/min to 160°C,
0.5 mm. then cooled at 0.5C/min to 80°C using a hot stage

Figure 1 SEM micrographs of HDPE/iPP (a) 20/80, (b) 30/70, (c) 35/65, (d) 40/60, (e) 50/50 and (f) 70/30 blends. (Page 8, Line 10).
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under the nitrogen gas atmosphere, finally quenchediDPE are dispersed in the iPP matrix, and domain size
into water. The surface of the samples, which was fracef HDPE increases with increasing HDPE content. The
tured in liquid nitrogen, etched with an Eiko IB-3 and explanation is that an increase in the HDPE content
coated with Pt-Pd, was observed by a FE S800 Scanncreases the number of dispersed droplets, which en-
ning Electron Microscopy. hances the collision-coalescence phenomenon among
HDPE droplets, and leads to a larger dispersed domain
size [40]. As a consequence, the large domains are no
longer stable, and then can be deformed into irregular
measurement shape (Fig. 1d), finally develop to a continuous struc-

The DSC measurement for the non-isothermal crystUre (Fig. 1€). Interestingly, a comparison of dispersed
tallization was carried out using a Shimadzu DSC-5¢domain size for the blends containing 30 wt % HDPE

Differential Scanning Calorimeter under the nitrogen@nd 30 Wt % iPP (Fig. 1b and f) shows that the average
gas atmosphere at a flow rate of 30 ml/min. The sam$iZ€ Of the HDPE domains dispersed in iPP, 1020

ples were cut into the small pieces, and were weighe@'€ 1arger than that of the iPP domains dispersed in
in aluminum pans (about 8 mg). The »&8; powder HDPE, 5um. This asymmetry in domain size with the

was used as the reference. The samples were heated®@{MPOsition has been observed in other blend systems
a rate of 10C/min up to 200C, kept for 5 min, cooled &S Well, such as PE/PS, PE/PC [41] and PP/PC [37].
at 5C/min to 160C, and then cooled at 0°&/min The SEM micrographs of iPP/HDPE blends filled

to 80°C, finally reheated at 1@C/min to 200°C. The ~ With 1.5 phr VGCF are shown in Fig. 2. We can find
melting parameters of the samples were determineglearly that carbon fibers are preferentially located in

from the reheating scans. The heat of crystallizatiof?® HDPE phase. As discussed in our previous paper
was calculated from the cooling scans. [35], this heterogeneous distribution of carbon fibers

A SEIKO module 2000 Differential Scanning between the two phases is due to the difference in affin-
Calorimeter was utilized to study the isothermal crys-ItY Of the filler to each component of the polymer blend.

tallization behavior. A nitrogen purge gas was provided! N€ driving force for the migration of VGCF between
throughout the measurement. The samples were heatds components of the blends is the interfacial free
to 200°C for 5 min to achieve complete melting and de- €N€rgy difference when VGCF is surrounded by iPP
struction of residual iPP nuclei, then rapidly quenchedelt and by HDPE melt, respectively [42-44]. Com-

to the designated crystallization temperature. CrystalP@red with the unfilled blends, the HDPE domains be-
lization from the melt was only possible at the temper-COMe more irregular for VGCF filled iPP/HDPE blends

ature of 126.5C for the blends and 132°8 for the  (Fid. 2). An interesting point should be noted that the

composites, respectively. Two factors were consideregddition of VGCF results in the formation of a co-
to chose the crystallization temperature. One conside€ontinuous structure of the HDPE phase in the blends
ation is the crystallization of iPP can complete within & & lower HDPE content. When the HDPE content

an acceptable time at this temperature for all the sam{®aches to 30-35wt%, the continuous structure of the
ples. Another is the crystallization temperature can bé!DPE phase starts to be formed (Fig. 2b and c). How-
achieved prior to the initiation of crystallization. Be- €Ver, at the same HDPE content, the HDPE domains

cause the cooling rates of the DSC instrument use@'€ dispersed in the iPP matrix for the unfilled blends
were not sufficiently fast, the latter factor was more(F'g- 1bandc). Thisindicates that the addition of VGCF
critical for the samples filled with short carbon fibers, €an affect the morphology of the blends. The explana-
The total crystallization time was determined as thelion is that VGCF more likely increases the HDPE melt

time required from the onset of the peak till a Ste(,jdyviscosity gnd pertur_b_s the kinetics_ of the phase coales-
baseline was obtained. cence during the mixing and molding process [36, 45].

2.3. Differential scanning calorimeter (DSC)

3.2. Non-isothermal crystallization

3. Results and discussion Generally, the crystallization behavior of polymer is
3.1. Morphology after non-isothermal studied by the isothermal method. However, the study
crystallization of the non-isothermal crystallization of polymer is of

It is well known that iPP/HDPE blend is a hetero- great technological significance since most practical
geneous two-phase system, the components of whighrocessing techniques proceed under non-isothermal
crystallize separately into discrete phases. In order toineonditions. Fig. 3 shows the effect of cooling rate on
vestigate the effect of VGCFfiller on the morphology of the non-isothermal crystallization of iPP50/HDPES0
iPP/HDPE blends, the SEM micrographs of iPP/HDPEblends filled with 1.5 phr VGCF from the melt. It is
unfilled blends after non-isothermal crystallization arefound that all the samples exhibit two distinct crystal-
carried outto give a valid comparison to the blendsfilledlization peaks at low cooling rates (0.5 antCImin).

with VGCF. The dispersed phase content has a signifBut when cooling rate is high, the overlapping of crys-
icant effect on the domain size [37, 38], while the typetallization peaks appears on the thermograms. It can
of stress field is more significant for the domain shapealso be seen that with increasing cooling rate, both the
[39]. The combined effects of droplet deformation, ori- crystallization peaks of iPP and HDPE are shifted to
entation, and coalescence determine the structure d&swer temperatures. However, the shift of the former is
velopment during processing. As shown in Fig. 1, atfaster than that of the later. So the overlapping of two
lower HDPE contents, where the spherical domains otrystallization peaks occurs.
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Figure 2 SEM micrographs of 1.5 phr VGCF filled HDPE/iPP (a) 20/80, (b) 30/70, (c) 35/65, (d) 40/60, (e) 50/50, and (f) 70/30 blends. (Page 8,
Line 22).

Further measurements of the non-isothermal crysare not altered significantly by the blending (Fig. 5).
tallization for the unfilled blends and the compositesHowever, the heats of crystallizatiot{) of iPP for
containing 1.5 phr VGCF are carried out at a coolingunfilled blends are lower than that of virgin polymer
rate of 0.5C/min. The DSC scans are shown in Fig. 4. It (Fig. 6), indicating that the degree of crystallinity is re-
is clear that the crystallization exothermic peaks of iPRduced by the blending. With increasing HDPE content,
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Figure 3 DSC crystallization exotherms of 1.5 phr VGCF filled 110 120 130 140
iPP/HDPE (50/50) blends at different cooling ratasy {0°C/min, (@) Temperature (°C)

5°C/min, (A) 3°C/min, @) 2°C/min, (O) 1°C/min and (\) 0.5°C/min.
(Page 9, Line 18).

Figure 4 DSC crystallization exotherms of unfilled (broken lines) and
1.5 phr VGCF filled (solid lines) iPP/HDPE blends at a cooling rate of
) . 0.5°C/min. (Page 10, Line 3).

the H. of iPP decreases, except for iPP65/HDPE35

blends, where a sharp increase in tHg of iPP is
observed.

Returning to Fig. 4, itis observed that the crystalliza-
tion peak temperaturedy) of iPP increase consider- 140
ably, and vary with HDPE content in a rather complex
manner due to the addition of VGCF. For VGCF filled 138 F
virginiPP, anincrease if, can be attributed to a hetero-
geneous nucleation provided by carbon fibers. But for
VGCEF filled iPP/HDPE blends, two opposite tenden-
cies can be proposed. One is that the selective locatiol2 134 }
of carbon fibers in the HDPE melt leads to a decrease ir g
the number of heterogeneous nucleiinthe iPP melt, thus 2 132 }
reduces the crystallization of iPP. As the HDPE content &
in the blend increases, the probability of the migration & 130 |
of carbon fibers from iPP to HDPE melt will increase. &
This willinduce a decrease in tig of iPP. On the other
hand, as can be seenin Fig. 2, the average length of ca
bon fiber, 10um, is comparable to the domain size of
HDPE, some carbon fibers near the boundaries betwee I
the HDPE and iPP melts penetrate into the iPP phase’5 124 | ) Y
These carbon fibers which are surrounded by the HDPE RN
melt can also act as a nucleating agent for iPP, and ap 122 |
pear to have a more active nucleating effect than that of

136

re (°C)

128 |

126

allization

pure HDPE melt, considering tfigs of iPP for unfilled 120 L L L L

blends increase only slightly due to the blending. The 0 20 40 60 80 100
similar effect was reported by Hammer and Maurter for o

BaSQ filled PP/PP-g-MAH/PS system [46]. For PP HDPE content (wt%)

homOpOIymer’ PP/PP'g'MAH blen_d' Ba$m|ed PP Figure 5 Dependence of crystallization peak temperatures of iPP on
and PP/PS blend, the DSC crystallization peak tempefsppe content for 4) unfilled and &) 1.5 phr VGCF filled iPP/HDPE
ature of PP is near 11C. However, when PP-g-MAH blends. (Page 10, Line 4).
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110 for the composite containing 70 wt % HDPE, where a

dramatic decrease in the heat of crystallization is ob-

served (Fig. 5), indicating the crystal growth of iPP is

100 + impeded by the HDPE melt when HDPE is the major
phase in the blend.

3.3. Melting behavior after non-isothermal
crystallization
The DSC reheating scans of the blends and the compos-
ites were used to determine two parameters signifying
the melting behavior of iPP. The melting parameters
include melting point{i») and heat of fusionH) de-
termined from the reheating scans after non-isothermal
crystallization. It should be noted that the first heating
scans of the as-prepared samples cannot be compared
in view of the different and uncontrolled quench con-
50 | ditions encountered by the different samples. The DSC
scans of the blends and the composites at a reheating
rate of 10C/min are shown in Fig. 7. Both the unfilled

Heat of crystallization (J/g)

40 ) ' ' ' and 1.5 phr VGCF filled blends exhibit two distinct
0 20 40 60 80 100 melting peaks.
HDPE content (wt%) The melting points Ty) of iPP for the unfilled

blends are independent of the composition, except for
Figure 6 Dependence of heat of crystallization of iPP on HDPE contentiPP30/HDPE70 blend, where a slight decreas@yin
for (A) unfilled and &) 1.5 phr VGCF filled iPP/HDPE blends. (Page is observed. However, for the filled blends, thgs of
10, Line 5). iPP are considerably higher than those for the unfilled
blends, and vary with the composition (Fig. 8). Since
the T, depends on the crystalline size, which in turn

was added to BaSfilled PP/PS blend system, the depends on the number of primary nuclei, the variation

T. of iPP jumped to 123C. In their case, BaSis
selectively located in the PP phase, and surrounded by
PP-g-MAH. The increase in thk of iPP was supposed

to be due to the effect of the specific adhesion of PP-g: HDPE
MAH to the filler surface, which probably results in a
lower loss of entropy upon crystallization. The migra- -
tion of heterogeneous nuclei from iPP to HDPE melts PE70PP30
for iPP/HDPE system was also observed by Bartczal ! r— I
et al. [44]. According to the authors’ explanation, the - 4

HDPE crystals growing near the surface of the nucleat: PESOPPS0
ing agents (magnesium sulphate and sodium bezoatt
could act as nucleating agents for iPP near the bounc
aries of HDPE and iPP melt, and enhanced the nucle
ation of iPP. So for VGCF filled iPP/HDPE blends, the
overall crystallization behavior of iPP is a combined ef- ¢ | PE35PP65 '
fect of above two tendencies. In this case, the interface e, Vo e
between the HDPE and iPP phases may play an impol 2 3

tant role in the crystallization process. As the HDPE
content in the blend increases, the HDPE domains ar T
elongated from spherical into strip shape, resulting in PE20PP75 N\
an increase in the interface area between the HDPE ar
iPP phases, as well as the probability of the contacts o
iPP melt with the carbon fibers which are surrounded
by the HDPE melt. This will accelerate the crystal-
lization process of iPP. It can be imaged that, when
the HDPE phase develops from dispersed domains to
continuous structure, a sudden change in surface are
can be expected. As a result, a peakTgccurs for 100 120 140 160 180
the composites containing 30—-35 wt % HDPE, which
corresponds to the sudden change in the morphology
of the blends, where a continuous structure of HDF_)EFigure 7 DSC reheating curves of unfilled (broken lines) and 1.5 phr
phase starts to be formed. The heats of crystallizatioRGcr filled (solid lines) HDPE/iPP blends after non-isothermal crys-
of iPP are comparable for all the compositions exceptallization (Page 12, Line 7).

- PE40PP60

PE30PP70

Temperature (°C)
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Figure 8 Dependence of melting point of iPP on HDPE content for
(A) unfilled and @&) 1.5 phr VGCF filled iPP/HDPE blends. (Page 12,
Line 12).
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Figure 9 Dependence of heat of fusion of iPP on HDPE content for
(A) unfilled and @&) 1.5 phr VGCF filled iPP/HDPE blends. (Page 12,
Line 14).

of Ty may reflect the change in the number of hetero-
geneous nuclei. Fig. 9 shows the variations of heats o
fusion of iPP for the unfilled blends and the composites.

slightincrease of crystallinity of iPP for the composites
can be explaind on the basis of the heterogeneous nu-
cleation provided by the VGCF which are surrounded
by the HDPE melt.

3.4. Isothermal crystallization behavior

The crystallization peak temperature of iPP is much
higher than that of HDPE. Therefore, iPP crystalliza-
tion will occur in the presence of the HDPE melt. The
effects of the HDPE melt and the filler on the isother-
mal crystallization behavior of iPP were further inves-
tigated.

Two typical isothermal crystallization exotherms for
the unfilled and VGCF filled iPP50/HDPES0 samples
are shown in Fig. 10. The heat flow to or from the DSC
cell is measured as a function of time at a constant
crystallization temperature. The crystallization process
is exothermic, and the total area under the exothermic
crystallization curve is the heat of crystallizatiarH..
Because the crystallization process of iPP is accelerated
by the filling, a higher crystallization temperature was
chosen for the composites.

The relative amount of crystallinity; is defined as
the ratio of the weight fraction crystallinity at tinte
to the ultimate weight fraction crystallinity. It can be
obtained by:

1)

Heat flow (Exo—)

0 500 1000

Time (sec)

1500 2000

f

The deQreeS of crystalhm;y of iPP for both the unfilled Figure 10 Typical crystallization isotherms of iPP for iPP50/HDPES50
and filled blends are considerably lower than that of theyiends (1) unfilled crystallized at 1265 and @) filled with 1.5 phr
virgin polymer, as indicated by the heats of fusion. TheVGCF crystallized at 132°€. (Page 13, Line 2).
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Figure 11 Typical relative cystallinity of iPP as a function of time for
iPP50/HDPESO0 blendsi) unfilled crystallized at 126 % and @) filled
with 1.5 phr VGCF crystallized at 132.6. (Page 13, Linel4).

Figure 12 Depdendence of crystallization half time of iPP on HDPE
content for iPP/HDPE blends3} unfilled crystallized at 126°% and
(m) filled with 1.5 phr VGCF crystallized at 132.6. (Page 13, Line 21).

whered H/dt is the rate of heat evolution as a function
of time. This is achieved by determining the area unde
the isothermal crystallization curve point by point, and
taking the ratio of the areas at each time interval to tota
area.

Fig. 11 illustrates the relative amount of crystallinity

starts to be formed, indicating that the crystallization

fate of iPP is enhanced in this case. However, for the
nfilled blends, the bottom position is shifted to a higher
DPE content, i.e., 35—40wt%. Therefore, the isother-

mal crystallization behavior of iPP also depends on the

(X;) plotted as a function of time for the unfilled and morphology of the blend. Itis suggested that the mor-

1.5 phr VGCF filled iPP50/HDPES0 blends. It can be P00y Of the blend can be characterized by the study
seen that the crystallization rate for the composites isOf.?%sf\lllrI;?r?ioenduaﬁon [47] is used to model the pri-
faster than that for the blends even at a higher crystalr—nary crystallization kinetics. The general form of the
lization temperature. An important quantitative param- . . '

. e A vrami equation is:
eter used to describe crystallization kinetics is the crys-
tallization half timefy >, which is defined as the time at 1— X, = exp(Kt") )
which the normalized crystalline content reachesto 0.5.

To understand how the overall CI’yS'[alllzatlon rate of |Ppwherext isthe relative amount of Crysta””‘"ty at t”'me

is affected by the HDPE content and the filler, the crys-K s the crystallization rate constant depending on nu-
tallization halftimes of iPP are compared. Fig. 12 shows|eation and growth rates, ands the Avrami exponent,

the dependence of the crystallization half time of iPP onyhich is related to the type of nucleation mechanism
the HDPE content for the unfilled blends and the com-ang the geometry of crystal growth. The parameters

crystallization half times of iPP are longer than that of |ogarithm of this equation,

virgin iPP, and increase with increasing HDPE content

for those compositions wherein the iPP phase forms a log[—In(1 — X;)] = logK + nlogt (3)

continuous structure. Thus, in this case, the crystalliza-

tion rate is reduced by the presence of the HDPE meltConsequently, a plot of log{ln(1— X;)] vs. logt

Whereas for the blend containing 70 wt % HDPE, inpermits the determination of Idg from the intercept,

which iPP domains are dispersed in the molten HDPEand n from the slop of the straight line. Two typical

phase, the crystallization rate of iPP is enhanced.  Avrami plots for unfilled and 1.5 phr VGCF filled
Unlike the unfilled blends, the crystallization half HDPE50/iPP50 samples are shown in Fig. 13.

times of iPP for the blends filled with 1.5 phr VGCF  From the Avrami plots for all the unfilled blends

vary with the composition in a rather complex manner.and the composite samples, both the primary crystal-

As discussed above, this can be attributed to the two ogization and the secondary crystallization periods can

posite tendencies. As expected, a sharp decredage in be observed. The Avrami exponanand Avrami rate

is observed for the composites containing 30-35wt%constantk obtained from the Avrami plots are sum-

HDPE, where the co-continuous structure of two phasemarized in Table I. For the unfilled blends in which
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TABLE | Avramiexponents and Avrami rate constants obtained from 4 -4
Avrami plots of iPP for unfilled and 1.5 phr VGCF filled iPP/HDPE
blends

Without VGCF? With 1.5 phr VGCP
HDPE - -
Content n log(K) n log(K)
=
0 3.01 —7.40 2.22 —4.56 g
20 2.98 —-8.01 4.06 —11.43 B -
30 3.19 —8.62 3.03 —7.67 E o
35 3.01 —8.00 3.45 —8.90 z g
40 2.99 —-8.07 3.34 —9.28 € Z
50 2.70 —7.45 2.89 —7.56 = 2
70 1.46 —3.31 2.99 —7.09 g 8o
&) -}
acrystallized at 126.%C. ‘;D
berystallized at 132.5C. 5

1
05
-14 . ' ' ' -12
ol 0 20 40 60 80 100
HDPE content (wt%)
05 | Figure 14 Dependence of/4) electrical conductivity andm) Avrami

rate constant on HDPE content for iPP/HDPE blends filled with 1.5 phr
VGCEF. (Page 16, Line 2).

The iPP crystallites besides carbon fibers can act as
heterogeneous nuclei, thereby accelerating the crystal-
lization process. But for the blends filled with 1.5 phr
VGCEF, since carbon fibers are selectively located in
the HDPE phase, the nucleation mechanism is different
25 F . from that for virgin polymer composite. For the com-
posite containing 20 wt % HDPE, due to the disappear-
ance of VGCF heterogeneous nucteig 4.1, indicating

-3 ' ' ' a homogeneous nucleation and three-dimensional crys-
15 2 2.5 3 3.5 tal growth. However, as discussed above, carbon fibers
Log (time (s)) surrounded by HDPE near the boundaries of HDPE

and iPP melts can also act as a nucleating agent for iPP.
Figure 13 Typical Avrami plots of iPP for iPP/HDPE blendsunfiled ~ When the co-continuous structure of the two phases
crystallized at 126.5C and @) filled with 1.5 phr VGCF crystallized at ~ starts to be formed, the nucleation effect of later factor
132.5C. (Page 14, Line 23). on the crystallization of iPP becomes more prominent.
The heterogeneous nucleation of iPP will be enhanced.
So the overall crystallization is the combined effects of
iPP is the major componem, closes to 3, indepen- heterogeneous and homogeneous nucleation.
dent of HDPE content, implying a growth of three- In a previous paper [35], we reported that the elec-
dimensional spherulitic superstructures following het-trical properties of VGCF filled iPP/HDPE blends also
erogeneous nucleation. But for the blend containingdepended on the morphology of the blends. Compar-
70wt% HDPEn decreases to 1.46. It can be explaineding the variation of conductivity with that of Avrami
that, because iPP crystallizes in the presence of molterate constant for iPP/HDPE blends filled with 1.5 phr
HDPE, the HDPE melt will retard the crystal growth VGCF as a function of HDPE content (Fig. 14), it can
of iPP by restricting the diffusion of iPP chain to the be observed that both the conductivity and Avrami rate
nuclei. The retarding influence on the crystal growthconstant change sharply for the composites containing
will be more prominent for the blends wherein HDPE 30-35wt% HDPE. According to the discussions in our
is a major phase. A value of 1.46 for Avrami exponentpublished paper and the previous section, these dra-
could imply the incomplete development of the crystal-matic changes in conductivity and Avrami rate con-
lites or a growth of two-dimensional crystallites (discs). stant should correspond to the formation of the co-
However, for the compositen,varies with the HDPE continuous structure in the composites. This suggests
contentin a rather complex manner. For virgin polymerthat both the electrical measurement and crystalliza-
filled with 1.5 phr VGCFn is 2.2, indicating heteroge- tion investigation can also be used to characterize the
neous nucleation and two-dimensional crystal growthmorphology of polymer blends.
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4. Conclusions

It is concluded that the morphology of iPP/HDPE
blends is strongly affected by the addition of short car-
bonfiber. The addition of VGCF results in the formation

of co-continuous structure of the two phases at a lowefs.
HDPE content. The crystallization and melting behav-17.

iors of iPP are related to the morphology of iPP/HDPE

blends. The crystallization peak temperature and meltt®

ing point of iPP are not altered significantly by the ;4
blending. However, the degrees of crystallinity of iPP

in the blends are reduced. Compared with the unfillecko.

blends, the crystallization peak temperatures and melt—
ing point of iPP increase dramatically for the composite
But there is only a little influence of the filling on the ,,
degrees of crystallinity of iPP. The variation of crys-
tallization peak temperatures of iPP corresponds to the
change in the morphology of the composites.

The investigation of isothermal crystallization be-
havior of iPP shows that the crystallization rate is re-,;
duced by the presence of HDPE melt, and is enhanced

by carbon fibers. For the unfilled blends in which iPP26.

is the major component, the Avrami exponent is 3, and
do not vary with the composition. However, for the
composites, Avrami exponent varies with HDPE con-

tent in a rather complex manner. This can be attributeds.
to the different nucleation mechanisms. The dramatio.

changes of melting and crystallization behaviors for the

composites containing 30-35 wt % HDPE correspono3 :

to the sudden change in the morphology of the two,;

and electrical measurement. This suggests that crystal-
lization investigation can also be used to characterlze
the morphology of polymer blends.
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