between PE and the copolymers, indcpendemt of viscosity and thermal emergy. A
downward shift of the q* versus t'” is a consequence of decreasing compatibility of the
constituent polymer, and bence compatibility of the copolymers with PE follows the

sequence EcB > EcO > EaP > PeE.

Discussion

Two principal approaches have been investigated in attempts to describe miscibility in
polyolefin blends. In the first approach, mixing has been comrelated with the differeace in
solubility parameter of the constituent polymers,’ ie. the larger the differcuce, the lower
the compatibility. The focus of the secomd approach has been to consider differences in
polymer main chain stiffness. '

Solubility parameters may be calculated from growp contribution methods.? In
this work, for the homopolymers solubility parameters, §, were calculated from the data
due to Hoy, tabulated by Cowie,” using the following equation: § = Y F, /¥, where F,
is the group contribution of functional group j and V is the molar volume of the polymer
repeat unit at 443 K. V was obtained as described in the methods section. Data for the
copolymers, Sge, were calculated: Jg,, = X S + X, 8,5, , where x is the mole fraction
of monomer residue in the copolymer; subscript E denotes ethylene, @ represents the a-
olefin, and PE and Pa refer to the corresponding values of the polyethylene and poly(a-
olefin) homopolymers, respectively. The soluhility parameters are listed im table 2.3. The

differences in the solubility parameters of the companeats in cach blend, |A]. where
|A8] = | pe — 85| are given in table 2.2. To correlate A with the coarsening behavior,

we arbitrarily selected the q* value at the mid-point of the q* versus 1'%, which
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corresponds o the annealing time of 30 minutes. The reciprocal of the product q*t™ was
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then taken becanse the q*t'” value for the EcB contaming samples is infinity, since na
coarsening was observed; 1/(q*t'?) is then zero for EcB samples. 1/(g™1") is plotted

against |A5| in Figure 2.10.
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Figure 2.10 Morphology coarsening, represented by 1/(q*t'™), as a funetion of the

difference in solubility parameter of the constituent polymers |45,

Broadly, the larger difference in solubility parameter correlates with more extensive
coarsening of the morphologies within the annealing time, as indicated bty the higher
value of 1/(g*t"™). However, it fails to reflect the coarser morphologies of the samples
containing EcO, in comparison with those comtaining EcB. Morcover, the incresse of
branch length in the copolymer, that results from the increase in molecular weight of the
o-olefin comonomer residue, brings the solubility parameter of the copolymer closer 1o
that of the PE, suggesting an increase in the compatibility with PE. The morphology
analysis shows the opposite result with the EcQ copolymer coarsening faster than the EcB

containing sample although the former has a lower content of comonomer residue, and

41



therefore fewer branches. Small angle neutron scattering experiments have shown that %
incresses as branch length increases.

Chain stiffness may be described using sevesal termns including the characteristic
ratio, C. Values of the characteristic ratio were taken from Bicerano™ are listed in Table
2.3. Data for the copelymers were calculated, Cgen, from Cp, = X Cp + X, Cpq,. The
differences in the characteristic ratio between the copoltymers and the PE, |AC], where
IAC| = |AC e - AC4, |, are shown in Table 2.2; 1/(g*t') is plotied as s function of |AC]

in Figure 2.11.
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Figure 2.11 Morphology coarsening, representsd by 1/(q*t'”), as a function of the

difference in characteristic ratio of the constituent polymers JACY.

Apparently, the larger difftrences in the characteristic ratio are associated with the greater
levels of coarsening. Much more data are required to determine the genenality of this

result, however, Moreover, the correlation between characteristic ratio and solubility



parameder are controlled by the same factors relating to polymes structure and so the
results may be confounding of the underlying pbenomena that control mixing and
coarsening of the polymer blends. As pointed our by Crist and Hill,'® these simple
structural factors, namely solubility parameter and characteristic ratio are inadequate for
describing the compatibility of polyolefins when the polymers are very similar in
struciure and approach the limits of miscibility. As evidenced in this report, the EcO and
EcB have close values of solubility parameter and characteristic ratio and yet exhibit

markedly different compatibilities with linear PE.

Concluslons

The coarsening tates of linear polyethylene with five poly(ethylene-co-a-olefin)
elastomers with compositions et the critical point can be normalized to accoumt for the
effects of thermal energy and zero shear rate viscosity. The influence of molecular weight
spon the morphology evoluiion was principally through its effect upon melt viscosity
with little effect upon the thermodynamic compatibility. It was revealed thm the
goarscuing progress of the morphology could be related 1o the copolymer microstructure
and branch content. The faster coarsening rates were mssociated both with the largest
differences in solubility parameters and the largest differences in characteristic ratio
between polyethylens and the poly{ethyleneco-a-olefin) copolymers. However, the
marked differences in coarsening between the EcB and EcO were not well reflecied by

the small differences in the solubility parameter and characteristic ratio.
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The effects of copolymer branching and molecular weight upon the morpholegy of

polypropylenc / poly(ethylene-co-c-olefin) blends

Abstract: The coarsening of two-phase morphologies in binary blends comprising two
grades of polypropylene and seven poly(ethylene-co~a-olefin) copolymers has been
smdied. The copolymers had regular structures that differed in molar volume and mole
fraction of the a-olefin comonomer residue in the copolymer; monomer residues were
derived from propylene, 1-butene, or 1-octene. Molecular weeight of the polypropylene
and the copolymers was found to affect the coarsening rates of the morphology
principally through its influence upon the melt viscosity. The latter effect was largely
accounted for through the normalization of the coarsening rete data with respect to the
thermal epergy and 2zeéro shear rafte viscosity. Higher molecular weight a-olefin
camonomer residues and residoe contents in the copolymers led to slower coarsening of
the morphology. The copolymers that contained propylene residues exhibited the poorest
compatibility with polypropylene. The effect of molecular weight upon the compatibility

of the blends was much smaller than the effects of branch length and number of branches.

Introduction

Several publications have considered the influence of poly{ethylenc-co-a-olefin)
microstructure upon mixing in polyolefin blends, Yamaguchi et al. [1996] used dynamic
mechanical analysis to show that in polypropylene / poly(ethylene-co-g-olefin} blends

that when the copolvmer contained more than 50 mol% of l-butenc or |-hexeme the

47



amorphous components of the constituent polymers in the blend were miscible in the
solid state. [t was inferred from the fine length-scale of samples quenched from the melt
that mutual miscibility was also sttained in the melt-state. Thomann et al. [1998]
concluded that polypropylene formed single phase blends with poly(ethylene—co-1-
butene) when the 1-butene content was around 88 wi%, but higher and lower contents
resulted in two-phase mixtures: Carriere and Silvis [1997] found that the interfacial
tension between polypropylens end poly(ethylene-co-1-octene) copolymers, determined
using & fiber retraction method, decreased ag the content of 1-octene in the copolymer
increased,

Two grades of polypropylene (PP) amdi seven poly(ethylene-co--olefin)
copolymers were selected for the study. The copolymers used were poly(cthylene-alt-
propylene) (Eaf), poly(propylene-co-ethylens) (EcP), two types of poly{ethylene-co-1-
butene) (EcB), and three grades of poly(ethylene-co-1-octene) (EcO). The EaP, where ‘a’
denotes alternating, was amorpbous, whilst the EcO and EcB had small, broad melting
endotberms jn DSC analysis centered around 20-50°C. PE was chosen due w0 the
simplicity of its structure and commercial importance. The EcO, PcE, and EcB used were
of the metnllocene catalyst-type due to their narrow distribution of microstructures. The
EaP had a similarly regular structure, being prepared through the catalytic ydrogenation
of polyisoprene. The objectives for this section of the work were to scparate the effects of
polymer molecular weight, melt viscosity, and polymer microstructure upon mixing in

polypropylene systems.
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Experimental

Materials

The PP samples were prepared using Zeigler-Natia catalysts [Saunders, 1998], whilst the
EcO, PcE, and EcB copolymers were synthesized using metallocene single-gite catalysts,
The EaP copolymer was prepared through the catalyzed addition of molecular hydrogen

to polyisoprene. Details of these resins are documented in Table 3.1,

Characierizarion

Comanomer contents in the copolymers were determined with & Bruker 300 MHz nuclear
magnetic resosance spectrameter following the method of Pooter et al. [1991]. Molecular
weight dats were obtained using a Waters gel permeation chromatograph, employing
polystyrene calibration standards in tri-chlorobenzene at 142°C and a refractive index
detector, Rheological dats were obtained uzing a Haake RT20 25 mm parallel plste
rheometer; nineteen increments in the frequency of the oscillation were made over the
range 0.06 1o 643 rad.s”. Measurements were made at 443 K under a constant stress of
250 Pa. Zero shear rate complex viscosity, n*i, was obtained from Carrean’s constitutive

equation [Carreau, 19681

M= )
“ {l+ma)

where 1%, is the complex viscosity at @, 1 is the reciprocal transition rate, and n is the

non-Newtonian exponent;n®y, T, and n were found from the unweighted least smm-of-

squares method [Harris, 1998) for the fit of the n®, valies experimentally determined

49



0s

W03 TG2[0-10,
Do$2T 18 Apsun(y,
3 91°7 "D:061 '8EC! A PLLSY,
8% 91'C ‘0,067 :8€T1 A WISV,

6’9 FlE 149 05 0160 - - J=q (suojidond-je-cuajipa)ijog
- - L . 143 &1 783 (suamg- [-02-GuafdqIR)A[0g
98L'P1 0z! W €l 0880 09 480 1gg (smmng- -02-sualdma)Aod
- - £ 83 09%8°0 - - H2d (suajiyia-or-auajhdord)Ajo g
y = €1 EI60 Il O €03 (au3100- | -00-AR[AGR)A[04
€812y €Tl 9T L 8980 IS S50 208 (3um10-{-00-auajima)ijog
10¥°L1 8L 42 S ) 8980 €S Qs 10°8 (sumo0-1-00-aR|Ame)i[od
L89'] v ¥s1 0 960  OEl  pl ad SusjApaK|od
: - 162 001  S060  $9I 01 zdd FuoiAdasdA|og
58 9bT 001  SO60  §91 LT 1dd auaifdoadfjog
(%D _.Ewa AE {%410w) r@
Oalt L 9 W W o) msay

H £ & suwisuod nolenbe neamey Furpuodsarios netp) pue SHNSUNIRNYD WsFY ['f I[qEL



). |
L3 . zzﬁy; 1 )

el

where 35 is the minimum sum of squares of n residuals, Ay, Ay, =4*_ -n*,, % is

the experimental value, and n*', is the corresponding value calculated fram the model for
datum j. The Solver program in the Microsoft Excel ‘97 spreadsheet softwars was used to
accomplish this task For the EcO2 and EcB1 resins, better fits to the experimental data

were oblained uging a modified Carreau equation, due to Dumoulin et al. [1991]:

P e @)
where m iz a fiting constant. The blends, listed in table 2, of PE with the copolymers

were prepared with compositions at the critical point, $2°, from the Flory-Huggins lattice

model, as described by Crist end Hill [1997]:

! . N : -1
4 =L Um M T @
where ¢;° is the volume fraction of copolymer, V; is the monomer volume, and n,, is the
weight average degree of polymerization of component j. Based upon the free volume
theory, V| is a function of the expansion coefficient, B, absolule temperature, T, and the

glass transition temperature, T, [Bicerano, 1991].

¥, = l”m.r[l i ﬁm-x_(r = 298)_]- {3)
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where PBagxk is the thenmal expansion coefficient m 298 K from:
Biar = (2‘98+ 423?': }-'_ Te values were determined from the heat capacity versus
temperature thermograms obtained using a Perkin Elmer DSC7 differential scanning
calorimeter at heating rates of 2, 5, 10, 15, and 30 Kmin™. T,” values were obtained by
plotting T, versus heating rate and extrapolating to 0 Kmin™; the T, axis mercept was
taken as the T, value. Vygpx values were taken fram Bicerano [1991]. The blends were
prepared through dissolution of the componemts in toluene at 400 K followed by
precipitation through pouring into excess methanol m 303 K. The precipitates were
removed from the solvent through filtration and then washed with fresh methanol before
drying under vacuum &t 333 K for 5 hr. The samples were then consolidated, wrapped in
aluminum foil, and annealed in an in-house built nibe firnace under & nitrogen gas purge
for 6 time intervals up to 2 hr at 443 K. A thermocouple was inseried into the sample to
determine the temperature. The samples were then quenched in ice-water and were
sectioned t0 a nominal thickness of | yum using an RMC microtome operated at -80°C.
The sections were placed upon glass slides beneath cover-slips, using di-octylphthalate as
the mounting medium, and were viewed using a Nikon E400 light microscope employing
phase contrast plates. Images were capnred using a Sony CMA-D2CE charge coupled
device (OCD) camera. The length-scale of the domains, ), were measured using Imagepro
software using standard stereological analysis [Dehoff, {968]. Test Lines were placed over
the image and the length of the test line, x;, traversing each domain was determined. The

length seale was then calculated 2= X, /f1, , where n, is the number of times the test

line crosses a domain.

52



Table 3.2 Polymer characteristics

Polymer o Ty 8 C
. (mol%s) (K)  (MPa'®

PE 0 253.2 14.30 7.00°
PPl 0 2780 1343 6.20°
PP2 0 278.0 13.43 6.20°
PIB 0 - 13.65 6.60°
P10 0 . 13,97 9.10°
Eap 50 2013 13187 6.60°
EcO1 73 2012 14.28 7.15°
EcD2 77 2012 1428 7.16¢
FcO3 1.3 . - S
EcBI 7 . : ;
EcB2 13 241.8 1422 6.95¢
PcE 88 2482 13.54 6.304

"Glasa transition rate at zero heating rate

"Solubility parameter at 1 70°C calculated from group contributions [Cowie, 1991]
“Characteristic ratio data due to Bicerano [1993]

‘Calculated from the values of the homopolymers

Table 3.3 Compositions and zero-sheas-rate viscogities a1 443 K

la"d # ne (Pas)

PP1/EcB1 0.43 ‘ 35,436
PP1/EcB2 0.49 12,008
PP1/EcO1 0.53 -

PP1/EcO3 0.49 9,260
PP1/EaP 0.42 5,457
PPYEcO2 0.57 4,325
PP2/EcP 0.50 37,367

FFUPcE 0.65 592




Resulis

The T, values used to calculate the monomer valumes sre documented in table 3.2. Since
% has been found & function of blend composition, particularly at low and high
concentrations of polymer 2 where a 2-fold increase may occur, the samples in this work

were prepared at the critical compozition 1o limit this effect, as documented in table 3.3.

100 pm
—

Figure 3.1 CCD camera images, tken with a phase-contrast plate, of PPI/EcO3 after

annealing Umes of (a) 5, (b) 15, (c) 30, (d) 60, (¢) 90. and (f) 120 min a1 443 K,
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Upon anncaling under quiescent conditions in the melt state a2 443 K, the morphologies

that formed were co-continuous. Figure 3.1 shows digitized images of the PP1/BeO3

blend after annealing at 443 K for time intervals of up to 2 hours. Coarsening curves for

PP matrices are shown in Figures 3.2 to 3.4,
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Figure 3.2 Coarsening curves for PP samples blended with (s) PE14, (A) PeaP, and (0)

PcE.

As discussed in previous sections, the length scale of the morphology, A, was related fo

vector, q, by A =2n/q.






Hydrodynamic effects during the carly stage and late stages of cosrsening may be
described by Aec(kyT/m,Y't¥ and A ([, /n, ). respectively, where ks is the
Boltzmann constant. Thus, the coarsening rates are affected by the melt viscosity and the
thermal energy, as well as the mutual compatibility of the blend componems. A
normalized term, q*, may be defined q*=g(k,T/n,*)* that encompasses thermal
energy, kT, and viscous factors, in the form of ng*. The product g*t'” at any time, t, then
is a dimensionless number that represents the coarseness of the morphology, independent

af viscosity and thermal energy.

The normalized value, q*, is plotted as a fimetion of the cubed root of time in

Figure 3.5, 3.6, and 3.7.
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Figure 3.5 Normalised coarsening curves for PP samples blended with (s) PE14, (A)

PeaP, and (0) PcE.
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Figure 3.6 Normalised coarsening curves for PP samples blended with (o) PEL4, (W)

EcB2, and (o) EcB1.
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Figure 3.7 Normalised cosrsening curves for PP samples blended with (¢) PE14, ($)

Ec03, (O0) BcO2, and (&) EcO3.

58



As explain io paris one snd two, the gradient and relative position of the normalized
coarsening curves are determined by the nature of the copolymer. Thus normalization of
the data in the form of the tetm q* largely accounts for the differences in melt viscosity of
the PP and copolymer resins, revealing the influence of the copolymer microstructure.
Moreover, the resalt shows that the molecular weights of the resing have a relatively small
effect upon the coarsening of the morphology, in comparison with the influence of
copolymer microstructure.

Conclusions

The comrseming rates of polpropylene with a range of poly(ethylete-co-a-olefin)
elastomers with compositions at the critical point can be normalized to account for the
effects of thermal energy and zemo shear rale viscosity. As was shown for the
polyethylene containing samples, the influence of molecnlar weight upon the morphology
avalution wes principally through its effect upon melt viscosity with litile effect upon the
thermodynamic compatibility. At a given comonomer concentration, faster cosrsening

rades were caused by a decreasc in the molecular weight of the comonosmer.
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General Discussion

Two principal approaches have been investigated in attempts to describe
miscibility, and imnmiscibility, in polyoléfin blends. In the first approach, mixing has been
carrelated with the difference in solubility parameter of the constituent polymers [Choi,
2000], i.e. the larger the difference, the lower the compatibitity. The focus of the second
approach has been 10 consider differences in polymer main chsin stiffness [Bates, 1992;
Fredrickson, 1992).

Solubility parameters may be calculated from gromp coniribution methods
[Bicerane, 1993). In this work, for the homopolymers solubility parameters, 8, were
calculated from the dats due to Hoy, tabulated by Cowic [1991), using the following
equation: § = y_F, [V, where F; is the group contribution of functional group j and V is
the molar volwne of the polymer repeat unit at 443 K. V was obtained as described in the
methods sections. Data for the copolymers, 8., were calculated: 8, = X, 50 + X, 8a,.
where x is the mole fraction of monomer residue in the copolymer; subscript E denotes
cthylene, & represents the c~olefin, and PE and Pa refer to the corresponding values of
the polyethylene and poly(a-olefin) homopolymers, respectively. The differences in the
solubility parameters of the components in each blend is [Ad], where |AS] = |5,¢ - 85, |-
To correlate A8 with the coarsening behavior, we arbitrarily selected the q* value at the
mid-point of the q* versus t'”, which corresponds to the anncaling time of 30 minutes.
The reciprocal of the product q*t'” was then taken because the q*1*? value for the EcB
containing samples is infinity, since no coarsening was observed; 1/(q*'”) is then zer
for EcB samples. 1/(q*t") is plotted against [AS| in Figure 4.1, for the PE containing

formulations and figure 4.2 for those containing PP.
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Figure 4.1a comprises the data first shown in figure 2.10 with the extra data point from
the PE / P1B blend added. It is evident now that the points are not grouped around a
single curve, but may be separated onio different curves depending upon the type of
comonomer in the copolymer. From figure 4.1a, it can be seen that for the blends
containing PE bomopolymers miscibility decreases with increase alpha-olefin content, a,
in the copolymer and increasing malecular weight of the alpha-olefin comonomer, as
indicated by the higher value of 1/q*. The reverse is apparent in figure 4.2a for the PP
homopolymer formulations with miscibility being ephanced when the copolymer has
higher concentration of alpha-olefin and hightr molecular weight of comonomer,
Broadly, when each homopolymer / copolymer series is viewed in isolation, regardless of
the type of homopolymer, larger difference in solubility parameter correlates with more
extensive coarsening of the morphologies, at a piven annesling time. Solubility parameter
difference does mot reflect differences in morphology coarsening when comparing
systems with different alpha-olefin comopomers, however. There must be structure
specific offects present that also affect morphology since there is a clear comrelation with
comonomer size for systems investigated.

Chain stiffnesz may be described using several terms including the characteristic
mtio; C. Values of the characteristic ratio were taken from Bicerano [1993], Dala for the

copolymers were calculated, Cee,, from Cp, = X,Cp + X, Cp . The differences in the
characteristic ratio between the copolymers and the PE, |AC], are given by
[AC| = ACu ~ ACu,|: Lq* is plotted as a function of |AC] in Figure 4.3a and 4.3b. As

for solubility parameter, the larger differences in the characteristic ratio are associated
with the greater levels of coarsening when each homopolymer / copotymer combination is

viewed in isolation, except in the case of the PE / EcO system.
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Figure 4.2a Relationship between 1/q* and characteristic ratio difference, [AC], for PE

formulations: (A) octene, ((3) butens, and (4) propylens
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Figure 4.2b Relationship between 1/q* and characteristic ratio difference, [AC], for PP

formulaticas: (A) octens, ([J) butene, and (#) propylens



Again, the comrelation between 1/g* and characteristic mtio difference suggest specific
structural effects. Speculation upon these effects is illusirated in figure 4.3e, in the case of
PP homopolymer formulations.

elelo)

@ bictii end-grovgs @ Mam-chain oo

Figure 43a Possible associations in the PP homopolymer / copolymer blends

For linear PE, there are very few methyl groups pendent from the main chain and hence
PE has weak association with PP leading to the poorest compatibility with PP. In the
copolymers, pendent methyl groups are present due to the side-chain of the alpha-olefin,
The longer side chains give enhanced compatibility with PP. It is possible that the greater
mobility of the longer side chain permits eazier association with the PP,

Conversely, for the PE homopolymer formulations, the compatibility with the
copolymer decreascs a3 the alpha-olefin branches become longer, as illustrated in figure
4.3b. The PE offers little association with the methyl end-groups of the alpha-olefin. It
may be that it is these specific effects that are the major factor in determining miscibility,
rather than the overall solubility parameter or chain confommation. Carriere [1997]
considered the interfacial tension between PP and poly(ethylene—co-1-octene) copolymers

and discussed the results in terms of the number of end groups in the copolymer, an
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wncrease in the number of which led to a decreaze in the PP / copolymer interfacial
temsion. The authors did not congider in detail the effect upon interfacial tension of branch
length a1 constant number of chain ends, however. The results of Camriere ot sl. are
consistent with the results presenied herein where it is the activity mnd pature of the

branch ends that most strongly affects the interaction of the homopolymer with each

copolymer.
Daeremaing compaitiiti
O &)
¢ 8 © o
§ ? § @
| PE / PcE PE / EcB PE/EO
) Methyl eod-proups @ Mam-chain gromps

Figure 4.3b Possible agsociations in the PE homopolymer / copolymer blends

As pointed out by Crist and Hill [1997], these simple structural factors, namely
solubility parameter and characteristic ratic are inadequate for describing the
compatibility of polyolefins when the polymers are very similar in structure and approach
the limits of miscibility. As evidenced in this report, the EcO and EcB have close values
of solubility parameter and characteristic ratio and yet exhibit markedly different

compatibilities with linear PE.
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Conclusions

The compatibility of s series of polypropylene and linear polyethylens
homopolymers with a range of poly(cthylene-co-alpha-olefin) copolymers has been
investigated through the study of coarsening rates in the melt-state, Kinetic data for
samples prepared with compositions at the critical point ¢an be normalized w account for
the effects of thermal energy and zero shear rate viscosity. The influsnce of moleculer
weight upon the morphology evolution was principally through its effect upon melt
viscosity with little effect upon the thermodynamic compatibility. It was revealed that the
coarsening progress of the morphalogy could be related to the copolymer microstructure
and branch content. In general, for a given type of copolymer, the faster coarsening rates
were associated with both the largest differences in solubility parameters and the largest
differences in characteristic ratio between polyethylene and the poly{ethylene-co-ai-
olefin) copolymers. However, the marked differences in coarsening between the EcB and
EcO were not well reflected by the small differemces in the solubility parameter and
characteristic ratio. These results suggest that local interactions are important that ane not
well described by factors, such as charscteristic ratio and solubility parameter, that relaie
to the overall property of the molscules. Clear correlations were found between the
branch length end the number of branches. A higher content of longer branches
corresponded to enhanced compatibility with pelypropylene homopolymer. Conversely,
longer and more numerons branches degraded compatibility in the melt state with linear

polyethylene.
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Influence of Molecular Wei

ght on the Domain Coarsening
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ABSTRACT: The conrsmening rabos of the fwo-phaese mor-
pi ey of linear paltyethylens / poly{ethyleneco-l-octenn)
were determmined as functions of molecular weight.
Sampiles with sooontinuciis morphologes that weve pre
' solution blending were anncelod L the malt

gkt for v thmes, and subsequently the fmgth scales
of the morphologics ware devermined with a line-inhersec-
thon method. Len data were moltiptied bv a func-
thon that normadized for the effects of differenoes i oo

the data largely feli on one krend line within the bounds of
experimestal grror. This indcrted that the principal effect of
incroasing rmnlecular weight was 1 aslow the coarsening rus
fhrough an increase in mall visooaity, with Hithe sffect frum
tw thermodynamic compatibility of the two polymers.
£ 2000 Wikey Pariodicals, nc. | Appl Bolym Sci 9 1655-1561, 2609

Key wands: polyulefing, blands, morphalogy; metallocens
catalysis: pol fene [PE}

INTRODUCTION

ing, phase separation, and domain coarsening, af-
fect the morphol
polyplefin blends® The principal factom that affect
these characteristics in polyolefin blends are molecular
weight and the type and level of branching, the later
being largely controlled by the type and quantity of
comonomer present. The thermodynamics of these
gysteams have been described” by an empirical interac-
tion parameter {y) as a function of branch content,
wherm y is found by the fiting of the experimental
dsia to vatious models This has been accomplished
#rodgh small-angie neutron-scattering studies with
random-phase approximation® or by doud-pobnt de-
lermiration.” In the latter approach, becausa the re-
fractive indices of polyolefing are closely matched, the
¢loud point conld be inferred from the morphology of
arnenled and quenched samples. The invadance with
tin= of domain size of 5 fine length-scale marphology
is indicative of a eingle-phase melt, wheress increases
in damain size on annealing reveal a two-phase melt*
Resudts have been presented, however, where laser
Eght seattering was Laed to study the lenpth scale (A)
of mixing and coarsening in blends of isotactic
pot rlene and polylethylene-co-prapylene)” and
for of isotactic polypropylene or syndiotactic

Cosrmpondiwcr to: iU A, Venables (frrav@mahidol acth).
Contract grant sponaor: Thailand Research Fund,

Joumeal of A Polymer Sclence, Val. 90, 16551661 [2000)
€ 200 Witey Periodicals, Inc.

! and, hence, the properties of

polypropylene with polylethylene-co-propy bonve-co-
gthylene norborene) * '

One of the explamations of y was based an regular
solution theory, whereby differences in the solubslity
parameter of the constituent polymers led to an en-
thalpy-based facior. Seversl studies on polyolefin
blends have shown that the number of branches in the
mobecule has the most important effect on the deter-
mination of the miscibility and compatibility of non-
polar polyolefin blends. 1t has been proposed that
mixing in polyolefin klends may be related to enthal-
pic considerations that can be described by solubility
parameters. Choi® calculsted the Hildebrand solubil-
ity: paramuters (3's) at elevated tempéeratures of 1000
simulated carbon models of linear polysthylene (PE)
and poly{ethylene=o-1-butene) copolymers, the Latier
possessing between 10 and 80 ethyl branches per 1000
carbon backbone atoms. An abrupt incresse in y was
found in the range 40-50 ethyl branches per 1000
enrbon backbone atoms, where y was caloulated from
x = VR4, - &), where y i5 the interaction
parmmeter. ¥y is the reference volume, R i the gas
comatant, and T s absolute temperature. This was
associated with the omset of macroscopic phase sepe-
satban in the melt state. Krishnamoorti et al." related
polubility parameter analysis and solubklity pamme-
ters determined from pressure-volume-tenyperature
relationships for a series of blanda comprising hydeo-
genated polydienes, which were used as model poly-
olefins with different branch types and cordents, to
their mixing behaviors as determined through small-
angle nwutron scattering. It was concluded that be-
cause solubility parameters could uniquely be as-
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TABLE 1

Resin Charactecieticn ind Their Corresponding Carmean Equalion Coostanis st 179°C
MFT a® M, M, B

Reain Sampin (dg min~"} (o %) {kg wol~} (kg oA~ ") {Pa) * (3 wh
PE PE1 a 0 o 3 0 oon D49
PE FE2 14 o) 154 & 1493 e (Hi ]
PE PE3 4% n x| —_ 14,067 1143 032
EO &m 54 73 172 78 17400 - 0.167
B a8 75 161 11 A7 183 {L0n D253
| mrlgunmhmhrwight,ﬂ_-nmnhr-“m mnlemlarwuﬁrt_

‘MFI wmﬂuwhﬂmdemnwdmmwmhm Text condition 4.

* a-dibefin content.
* Reciprocal fransition mw of the Carrean equabion, eq. {1).

T ——

" Slepe of the viscoalty cucve in the peeudoplastic region af § — =, g, (1},

signed 1o {ndividual polyalsfins, Hete wers no spe-
cific pair interactions in most of the blends studied.
The two methods of solubility parameter assessmmen|
gave numerical agreement with ane another. Reduc-
tions in the entropy of mixding because of nonmandcrn
effects that were related to differences in chain con-
formation and chain siffness were considersd by
Bates et al.” The Iatter effect was described in lerms of
differrnces in the statistical segments of the blend
constituents that were affected by branch length and
comonarner confent Krishnamoorti  al.'® neporied
that statistical segment length difference gave an in-
dicatibm of mixing in the melt skxbe, bul a cleay carre-
Iatigen with the escentisl parameter in the theory was
not established. Evidenlly, for polyolefin blends cose
to the limits of miscibility, there is a fine balance of
these faciors. Continuing from these studiew, this
study was centered on the influence of chain branch-
ing, Because of the pressnce of o comonomer, and
molecular weight an the coenipatibility and morphol-
ogy of partislly miscible polyolefin blends.
T'hl objective of these experiments was to establish
the influence of polymer molecular welght an the
coarsening rates of the maorphologies of selectod poly-
olefin blends, Three commercial grades of high-den-
sity polyethylene (PE) and two poly(ethylens-co-1-0c-
tenie) (EcO) resing thai covered a wide range of mo-
lecular weights were choseri. PE was chosen because
of the simplicity of its structure and s comumercial
inportance.

EXFERIMENTAL
Malerialy

The PE samples were prepared with Zeigles—Natia
catalysts,” and the EcO samples were

with metallocene single-site catalyst.'? Details of
these resing are documented in Table L

Characterizalion

Comenomer contents in the copolymers ware deder-
mined with a Bruker 300-MHz NME spectrmeber

{Karlsruhe, Germamny} following the method of De
Pooter et al.'? Moleculsr weight data were obtained
with a Walers gel permeation chromasograph (Mil-
ford, MA), with polystyrena calibeation standards in
gichlorobenpens at 142°C and a refractive index de-
yector. Differential weanning calorimetry was carried
out st heating rates of 5, 10, ls,a:ndzﬁ“{:mm“'to
determine the glags-traraition temmperatores (T,'s) of
the copolymers mmlPe:i:mEInu[EC-? Mdiuicy
MA). T, at u heating rate of 0°C min ™" was extinated
from the axia indercept of the extropola-
umiomerohuﬂngnltn“h-piutuﬂ‘ varsus heat-
ing rate Rhedoﬁqddsnwmuhbdl-immnHuhe
RT20 rheometer with cecillating 25-mmm pasallel plates
(Kerlaruhe, Germany). Ninetesn incremenis in the an-
gular vﬂuury{n) were made over tha range 0.06 643
rad 577, Measurements were made at 170°C under a
congtant stresg of 250 Pa. Zero-sheur-raie complex vis-
comity (upﬁ] was obtainad from Carresu’s constitutive
equation:**

= in

Sl Y

where ¥, is the complex viscosity at o, 718 the elaxation
time, and 2 i3 the non-Newtonian exponent; ng, v, and 1
were found from the amwveighted least-sum-of-squares
method™® for the fit of the n, values experimentaily

dedermined through rhermeatry on the model contadning
w ag (e indespendent variable; that is

o= 5 Ay (2)
i=t

where 5.y, B the minimum sum of squares of n
rmdmls,ny,mnqumn_ “ N 7. is the experi-
mental value, and 1’ is the comesponding value @l
culates] From the maodel for datum j. The Solver pro-
gram in Microsoft Excel "97 spreadaheet softwate was
used to accomplish this task For the EcO resin, a
better fit of the experimental data was obiaines) with »
modified Carreau equation by Dumoulin et al.:'
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_ . TABLE I
Blend Chararterintion at 179°C

™
[ L a * {Pus) * (s} L 7,
PE1/EH fa a4 910 0.125 nass 0.022
FE2 /B 049 049 1,454 07 204 07
PEL/BOR 038 38 15m 0260 D367 Do
PELE(2 L% 0. 55030 0360 0.443 0.080
PR B2 045 o rie 1972 0268 BTy

* Expertmenial volume fraction of EcO.

* Reciprocal transition rate of the Carroay
* Slope of the viscosity curve i the

* Visoosity stio, wheee o, = Nurey! Ymeow

ne =1 ¥ (re}]" (3)

'whnmunm;mmn\mblmjs,hmdm
Tﬂblnﬂ,ufl'lwillﬂll were prepared
with naminal compositions arownd the critical volama
fraction of copolymer, as explained in the Discussion
arounad & velume fraction of 04.

The blonds were prepared fhrough dissobhution of the
components in whaene at 127°C kollowed by precipiis-
tion thiough pouring inlo exce methanol at 30°C. The
prrecipitaes wers removed from the solvent through -
mmmmﬂmmmmmwh
the dmit of a fumne cupboard for 1 day beioee they were
dried i noee ot $0°C fixr 3 h The mimples wers then
consalidated and anmmaled in & in-house constructed

determine the tempetatie n some instances, samples
wmwrappuimlhrﬁnnnuﬂmmpnﬂdmnmm—
Hanke mecisculating oil tath at 170

+ 0I°C for various tmes The samples were then
in ice water and were sectioned to & nomninal

of 1 pm with en BMC  ultremicrotome
(Manchester, England) operated at —80°C. The sections
were phaced upon glass slides beneath cover alips with
m e mounting medium and were
iewed with a Nikon E400 light microscope (Mebvilke,

£

aapture board (San Diwgo, CA). An addi-
group of blend sampies was arvwealed for 6 h at
emperaiures in (he range 150-380°C in a tube fumace
fiow. After they were quenched in e

flat purfaces were prepsred with an RMC ultrs-
mikcrotome and ghass knife st ~80°C. These surfaces
vmﬂ}ﬂlwﬁlmmdmﬁﬂﬂ%w;’v
solusion st 30°C), following the method of Ollsy and
Basset,” 1o selectively remove the amorphous makerisl
and were viewed with a Hitachi 523600 acanning aicc-

reshmn'r«w-q i1

an image of & PE/EcO blend and the measunement of an
inbeyroept Iomgth (), wihene & = Tnal/n, shown Belacted
microacope images were aonmyveried o a frequency-based
brsage: by application of the Fourer transform. The fre-

quency-based Image comprised a coud of points, the
beightness of which representsd the ampliludes of the
waveform and the position of which represented the
frequency of the wavetorm. If the original image oon-
tained a regular pattern, the rarsformed tmage would
show & regular patsern. For iregular images, a mass of
dots would be seen that becomes brighter the closer they
were tn the center,

Compatibility of the PE/EcO blend

Blend samples were annealed for various times at
temperatures in te range 150-350°C in a tube furhace
to determine the mutual melt-state compatibility of
the PE and EcO. These samples were then guenchnd,
microtomed, etched, and viewed with a scanning elec-
tron mictoscope; the resultant micrographs are shown
in Figure 2. A plot of the number-aversge EcO-rich
domain diameter (D) versus annéaling temperaure
{T.), as determined from the micrographs of Figure 2,
is displayed in Figure 3. Fot all of the ssmples at svery
temperature, 4 of the morphology coarsened oo e
nenlmg,mggtmng&mlallofu\es&mpkswuremn
two-phase state in the meli' because the morpholo-
ﬁcmn:mdmmdumlhemtnrhcul-mbﬁwum

phases and. hence. to minimize the interfacial

Figare 1 Line swerception method io fod & of the cocon-
tinunus marphatoget.
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fe]

3 im

i

Figure 1 clectrat micrographs of the FE2/BoO2 biends containing 20 wt % EcOZ afuy annealing tor & b at {2) 150,
{b}m&c}sc.m:z

{d) 320+C

. thal ks, the product of the Inlerfacial tension
{r, _,} hnd the interfacial area. Moreover, the extent of
coarsening decrensed as T, increased, even though ths
mobility of the system increased with increasing tem-

» 1 o) = w

Tim
Fgure 3 Plot of D, versus ¥, for the PE2/EO2 blends
sonkining 20 wl%&fﬂnﬂummﬂu%h:rbhnlmﬂc

persture because of reduced viscoslty, mdicating en-
hancad compatibility at highsy Emperntures. In an
earlier study,"™ ™ we concluded that the PE2/BcQ2
bland was pactially miscible because of the obgerva-
tion of PE lamellar crystals in the BoO-rich domains of
the morphology. As described by Rhee and Crist,* A of
the blend morphalogy is 2 function of the mtio x/x,,
where y is the polymer—polymer inkeraction paramme-
ker and the subscript ¢ refers to the critical point: thal
is, the thermodynamir force that drives the morphol-
agy to coarsen is weakened a9 the depth of quench
decreases. Thus, for the blends studied herein, & vir-
tual critical point may have been located at » high
tenxperaiure that was practically inaccessible due the
limited thermal stabilities of the conatinemt polymers.
Experiments were limited to 350°C because of the
embrittiement of the specimens at tlemperstures above
350°C_ For the T, mnge experienced by the samples
described hersin, that s, in the mnge 150-320°C, the
specimens sppeared largely unchanged from their
original state, exhibiting slight discoloration and no
apparent embritiiement
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Figure 4 C@myslﬂmmﬂmmmdhgh

TE SO

mmm;?u with a {uikiey 1.1 llll
¥ 15, () M {d)

prised PEI/EcO)] at -D-ﬂinrunﬂn}s
&, (&) M0, and (f) 120 min at 170*C

Coarsening rates

Because y has been found to be a function of blend
tonfposition, particalarly st low and high concentra-
linmcf polymer 2, where » bwofold increase may

* the sramples prepared for the coarsening rate
ﬂudywmtpmpuedmtﬂumml composition” to
limit this effect; x is generally near constant st com-
nositions close to the critical poink [the critical volume
fracthon of the EcO copolymer {(¢,)] from the Flory-
Hugging lattice model:

$e=[1 + (Veng,y/ 5 P Ll )
wherevlurhemmwhamtmﬂu“uﬂm
weight-average degree of polymerization of com po-
nent j. On the basis of free-volume theory, V 15 a
function of the expansion coefficent™ (8} and T

Vy= Vol 1 + Poanad T = 298)] {5)

where 13 the thermal exprnalon coefficient at 298
K hw“g}"’“

Bawme = (298 + 4.237)) " (6)

L1659

T, values used were 258 and 203 K for EcO and PE,
rapecﬂve‘ky&mmmlmgm\da-qm\lcmdﬁumm
the meil state s 170°C in an ofl bath, the morphologies
that formad were cocontinuows. Figure 4 shows exam-
ples of CCD images of selected PE1/BcQ1 blends after
annesling for varlous times. Figure 5 is an enlargement
of a Figure 4(e) that revesls the natore of the phase
domaing. The phase conirast gave an impression of relief
to the image; the spparently recessed regions contained
ciroalar ridges because of the presence of PE banded
ﬂphsrﬂhimndmlﬂytmﬂ&mgﬁrmn&burg?ﬁ*ndl

As of the | ate plotted as functions of
m:ﬂh‘ngt[me(l}mﬁglm6fnrlﬂofth=samplﬁ
prepared with compogitions nesr the critical point.
The characteristic A of the morphology® is related to
wator g by &k = 2w/q. Plots of q, on a natural loga-
rithmic scale, versua the cubed root of mmesaling tiene
(') were essentinlly linesr in the range WO < |
< 7200 s, a5 ahown in Bgure 7.

Relatiovhips of this type were discumsed by Lee
and Han™ who considered hydrodynamic effecis
during the early siage and |ate stapes of coarsaning,
where

A = (kT/ o0 (7)

A (T /ml (8)

respectively, whare L, is the Boltzmann constant and T
in the absolute empersture. According to theories of
spinodal it &t times close to [ = 0, q has
8 constant valie of q.. The daia presented here fall in
the Intermediate stage of cosrsening, where A is func-
tion of the cubed root of e, A, pormalized term (g®)
may be defined as

q = q[k.Tf‘r’;,l'” (9}

wh@amhd:ﬁummmﬁmlm(k,ﬂ
and viscous factors in the form of 7, Examples of the
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Figure &  Piot of morphalogy A verms § at 1290°C for sl of

the blends Al the critical comxpositions: () FE1/
E‘E:gl[‘”] 2, () PE3/Ec02, {TT) FEY /EcO, and (A)
B /B

compiex viscosity (n") versus Frequancy curves for
these blends are shown in Figure §. The q* function ig
plotted againat {7 in Pigure 9, Apparently, normai-
ization of the dala with this function shifted the ex-
perimental dala to lie close o & single curve, indicat-
ing that thermal energy and viscosity effects largely
accounted for the differences in rates. In
separnte studies, Inaba et ol” snd Lee and Han™ re-
ported that the coarsening in the mell state of immis-
dble blends after homogenization throngh dimsolution
of the constituent polymers in & common salyent snd
rapid precipitation with a nonsolvent was equivalent
v phase separation via spinodal wition in-
duced by deep quenching of 2 melt biend from a
single-phase condition inlo & iwephass comdiions
through control of temperaiore and, hence, could be
described through established kinetic models. The
coarsening rate of the morphology (R) ks

”»

"
'3 1
” . _
¥ j | n - ) » -]
Mty
Fiapwe 7  Plok of q versus 117 at 170°C foc all of the blends

prepared a1 the critical
1

3 (| PE1/EcOZ, (&)
PEL/ECOL. and (&) PE2/
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- %

ure 8 1* versus » Bow curves at 1707C; trend linas veere

culsted with the lesst-sum-of-squares B of the Carresu
equation to the experimental datx: () PE1/EcOZ, (A) PE2/
B0z, and (@) FEQZ

R=q’D_/2 (10)
where the mutual diffusion coofficent (D, ) is de-
fioed by D = D, in which I}, &5 the self-diffusion
coefficient of polymer j, D; = kM7, M is molecular
weight, and '

{1

and is s factor (et modifies the diffusion rates be-
csuge of thermodynamic effects® In this study, the
blend compositions were close to the crilical poinks,
and herwe, f may have been constant for each system.
Zero-shear-rate visoowity and seif-diffusion rates are
cosely related propetrties, with the ferm (D/T)xg be-
g inssnsitive o Wm:e. Thus, D, 4 u3', and,
hence, R 4 D,,, @ mg / Thus, the conrsening rate (s
largely controlled by the diffusion rate, which is a

f=lx-xlix

[]
u o
5; kk\li
';, Al g
ol
[ 1-14]] =
L ] L ] -] m A

o™

Figur 9 " ag » tunction of 1 at 170°C: () PE) FEcO2,
E{i) PEZ , () PE3/EcOR. (O PE1/BcC, sod {A4) PE2/
Ed.
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function of the viscosity with little effec from the
influence of molecular weight on the thermodynamic
compatibilities of the blend constituents. In the study
by Lee and Han®™ on the coarsening of the morphal-
ogies of immiscible polymer blends, it was explained,
on the basis of Cahn’s linearized theory of spinodal
decompogition, that the length of mnorphaelogy at very
wnriy times of ¢coarsening waa affected by the maolec.
ular weight of the constituent polymers. Higher mo-
lecular weights gave larger values of A in the earddy
stage compared with polymers with low molecular
weight. In this work, the blends comprising polyrisers
with the highest molecular weights showed the largeat
values of q and, hence, the smallest values of A at the
enrllont times thet were Investigated. Moreover, the
anbculstion of q* largely removed the differences in q
at the warlieat times measured, indlcating that at this
gage, the coarsening process was controlled by the
thermal energy and viscosity, thereby ohacuring any
gffect of mobkecular weight on A and q.

Figure 10 shows an isnage of a PE1/EcO] blend
after 90 min of coarsening. Figure 11 shows the Fou-
fer ransform of the image with a fing pettern that
thdicates the presmnce of a regular pattern in the CCD
image. The dimension of the pattern was of the ordes
df S jum, that is, the A of the blend morphology.
Evidently. some remnants of the regular morphology
produced during rapid precipitaion from solution
persisted at long s in the mell state.

CONCLUSIONS

Blends prepared with comipositions near the critical
poiat through precipitatian solution formed reg-
glor eocontinuous morphologies that annealed at rates
determined by the thermal energy and 7, Data could
be normalized with the function q* such that the ef-
fects of thermal energy and viscosity largely ac-
¢oiinded for differences in coprsening rate and, henoe,
showed that the differences in molecular weight had

Figore 10 Begular coarsened morphology of a PE1/Ec?
blend prepared st the critical compisition,

1 e

Figmre 11 Fouries tenrudorm of the bmage n Figure 10, e
vealing the reguler spacing of the domains in the morphology

fittle cffect on dwe compatibility of the hleods and,
therefore, the morphology-
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Effects of the Copolymer Microstructure on the Morphology
of Polyethylene-Poly(ethylene-co-a-olefin) Blends

ARUNEE TABTIANG, NOREE PHOCHALAM, ICHARD VENARIES
D"I"'"'" of Themisry, Faculty of Science, Mahidol Liniversty, Rama W Road, Barghkek 10400, Thailsmd

Raseived 1 Janunv M08, acvepted 24 July 2003

ANSTRACT: The effacty of the copalymer mirrostructure cn the morphology evalution in
polrathylens'palyiathylansoo-a-clefin} blends wers investigntod. Microscopy revesled
that. the malt-phass moephology, inforred frong e solid-state morphoiogies of anoesied
and qoenched remplea, was sirongly affectad by the copobyracy structurs, that is, the
branch content and besnch langth. Highar molecuinr walght nolefin comdnomar rosi-
drues amwl reesdus contents in th copalymer ked Lo fiater cohrsening of the mmorphology.
The molsculay weiyht of the polysthylens and the copalymers affected thi epareening
roten of the morphelogy, principally through I influence on the mell viscosity. The
effecta of the molecular weight ware jorgely saxplamed by the normalisetion of the
coprsening rate dats with respedt 1o the thermal energy sod zevo-sheat-rate viscoadty.
Thus, the effect of the molecular weight da the cumpetibility of the blonds was much
gmaller than the effscts of the heanch langth snd beanch mumber. © 2004 Wiksy Parlod-
ioals, het. J Palym 55 Pyrt B: Folyn Plys 42: DES-073, 2004

Exyworde polyolsin; blends; copolymer; marphitogy

INTRODUCTION

comgrrise long hydrocarbon backbones
from which chain branches of raricus mumbers

and lmgths originate. The length and pumber of

hemnclss affect the ability of a polymer to cryetal-
lise wnd, thorefore, ita solid-atate properties
Short-ehain branching in copolymers based on
ulqlml. prepared with metallocene catalywbs, is
determined by the type and quantity

of olefin comonomer residoes. Properties of
polyolafins tuy be further modified by the blend-
u!rumawlthdxﬂhmtmmmmm Ap-
tioms range from toogbensd plastica for
ﬂﬂnﬂmdﬂlmto&mmnphnmammm
'The propertics of these hlends ure affected by the
extont of mixing and demixing during processing
snd mro related Lo the solid-stats morphology.

Corregrondence: B, Venubias (E-mait: frrav@mabidal_se th

g of Fiipons Seippe: Fuct b Polyoms Fipuice, Vol 81 S8-¥71 (2004}
e Wik Pemslbionls e

Soveral studiss have investipated the relatiom-
ship betwean the polyolefin microstroctore and
molecular weight and the miscibility of polyolsfin

blenda. ' The two focuses of thess stodies hurre

bean the effects of the solubllity parametar (8%
and the differences in main-chpin stiffnoss and
conformation. ' The lattar has been described in
terma of = stetistical sepmaent length that reflecta
the chain sonformaticn in the melt or under @
eonditions in sclotion. These reparts sugpeaat thet
larger differences in 8 and the chain atiffnaes nre
agspeinted with reduced mutnal miscbility of the
conatituent polymers in & bland. Both § and the
main-chain stiffoess ars directly related to the
polymer microstructures, which are a regult of the
oxtent of chein branching and the langth of chain
branchas,

Several publications have considared the influ-
ente of the polylethylone~o-o-olefin) microwtrmc-
ture oo mixing in palyglafin blends. Yemaguehi st
al* used dynamic mechanical analysis to shew
that n palypropylens/polyiethylens-ce-a-olufin)
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blends, when the copolymer contained maore than
B0 mol % i-butens or l-hexens, the mmorphons
components of the canatituent polymers in the
blemd were miscible in the solid stale It was
inferred from the fine length scals of samples
gquunched from the melt thet muotusl miscbility
way also attained in the malt state, Thomann ot
al.” concluded that polypropylene formed single-
phase blends with poly(ethylene-co-1-butans)
{EcB) when the 1-butene conlent was sround 88
wt %, but higher snd lower contents resnited in
two-phsse mixtures, Carriers and Silvis* fonund
that the interfacial tensiom between polypro-
pyleoe sod poly{ethylone<co-l-octene) (EeQ) co-
polymers, determined with & fber relrmetion
method, decreased ae the content of 1-octene in
the copalymer incressed. In tha study by Rhes
and Crist® of polyethylens (PEVhydrogenated po-
lytutndiene blenda, in which the Iatter palymer
was uséd as a model analogus of EcB, it was
found that the coarseness of the solid-etate mor-
phologies of sumples crystallized eiter melting at
temperaturea between 160 and 200 *C were a
rewalt of the depth of quench from the melt. The
depth of quench was described by nn interaction
porameter that wes proportional to the square of
the branch coptent i the copolymer. Morgan et
al? inferred from micrographs of melt-nnnealed
PR/poly{ethyleneco-n-glefin) hlends that Jow lev.
ela, around 5 mol %, of 1-butens or l-octene in the
copulymer led to phase separation in the melt
state et temperatures between 130 and 370 °C
Above and below thesa tamperstures, mingle-
phiuse melts were inferred. Hill and Barham!?
followed the lnetica of phese coarsening in
blends of dfferent EcQ grades containing 2 and
10 mol % l-octene with mcroscopy to gbeerve
sections of samplas that were cooled raphdly from
the melt. The morphologies comprised spherical
‘deoplet dispergions that cearsened s a funchion
of the cubed root of time.

The morphology of multicomponent PE-hased
polymer bleuds affects the toughness proper-
ties, ! with the morphology being a resalt of the
mixing anpd cosraening processes that take place
during melt blending. In wdditin o the process-
ing varisbles that control the thermomechanical
history of the melt, the morphology i & functivn
of the inherent comipatibility of the constitnent
polymers, the latier being controlled by the dif-
ferences in the polymer mimostructure. Thus,
this work was concerned with ths influence of the
polymer microstracture and molecalar weight on
the morphology evalution in polyolefin blends in

the two-phase staie. Specifically, the objective
waos 10 separate the influences of the moleculsr
weight and brasch content to assess the relative
mporiance of thess faciors in the wmorphalogy
evolution in tha melt state, Thres grades of high-
dennity P and five poly(ethylane-co-z-alafin} co-
polymers were selected for the stody. The eopal-
yme=rs wate poly{ethyleme-ait-propylene) (EaP),
pelyipropylens-co-ethylene) (PeE), EcB, and two
grades of E2D. EaFP, where ‘a* denotes alternating,
was amezphous, wheress EcQ snd EcB had small,
brosd mealting endotherms in a differential sean-
ning calorimetry analyss centered around 40-§0
*C. PE wes chossi for the simplicity of ite stroe-
ture and commercial imgortance. EcO, PoE, and
EcB were metallocene catalysta becaure of thelr
narrow distribution of microstruetures, EaP had
a mimilarly regular strurtore, buing prepared
throngh the catalytic hydrogenation of polylso-
prens,

EXPERIMENTAL

Materiaky

The PE samplés wers prepered with Ziepier-
Natin catalysts,'* wherees the EcO, PeE, and EcB
copolymers were synthesized with metallocens
singlo-site catalysts.’® The EaP copolymer was
prepured through the catalyrad addition of molee-
ular hydrogen bo polyisoprene. ' The datella of
thees resine nre documented in Tahls 1,

Chararisvizalion

The comonomer contanta in the copolymers were
determined with & Brukar 300 MHz nuclesr mag-
petic resonance spectrometer accordiog to the
method of De Pooter at al.'® Molerular weight
dats wers obtained with a Waters gel permeatirm
chromatograph with polystyrane calibration stan-
darda in trichlocohenzens st 142 *C and & refrac-
tive-sindex detector, Rheological data were ob-
tained with & Hasks RT20 25-nm parallel-plats
rheometear; 18 increments in the frequancy of the
oecillation were mude aver the renge of 0.06-84.3
rad g7, The massurements were maode at 443 K
under a constant stress of 260 Pa. The zero-shanr-
rate complex viscoeily {x",) was obtained from
Carreau's constitutive sequation:'®

¥ = i-.—
Lol

u
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Tabde 1, Homn Charecteristios mnd Thelr Corresponding Carrean Equation Conetants i 443 K
# o M, M, ]

Famin Gt MPFI* {gem ™ (mol %F (kg mol“!) (gmol™) (Pas) riel n"
Polpwthyicns PEI 43 0982 o 1m 29 381 o002l 0488
Puljethylenc PE2 14 (0.962 4] 164 42 1683 2448 0.185
Polyethylens PES 09 0962 0 284 - 14061 1.1¢d 03812
Poly(sthyiensco-1octens) EcO1 80 0.868 14 172 M 17401 — 0187
Polytathylene-co-l-octens) EeO2 05 0683 77 201 128 42,188 0.001 0263
Polylpropyleos-co-sthylene) PeBE - 0.560 BB -1} - —_ -
Polgiothyiene-eo-1-botens) EcB A Q.480 13 266 120 14,786 0.160 0.534
Paly(ethylane-olipropylene) EaP - 0.910 50 521 314 6044 0078 0638

* Malt-flowr ivden debarmined i seoordance with BS T304 Tesl Candition 4.

'l'hnll.l,yllis"'."
a-Chlefin content.

'lh-:ipmul tramaition reas of the Crrrves egquaiio {eq 1}

* Hiope of thn wiscomiy curve in tha pesmdoplastic regitm at + — = (aq 1}

where v*_ ia the complex viscomity ai angular
velocity @, v is the recprocal tranmition rate {re-
laxetion time}, and a is the non-Newtanian expo-
nent (the klope of the vistosity curve in the pasn-
doplastic regicon at 4 — =), 5%, v, wnd & were
found with the unweightad leagt sum-of-agquares
posthod'? for the fit of the »*,, veluse axperimen.
tally determined through rheametry to the model
containing « as the indepandent variable:

B = i‘.ﬁﬂ (&)

=1

wharaumint.ha minimum som of squares of »
residuals, Ay, is equal to w*'. ~ 7%, 7°. is the
exparimental value, and 7% ia the corresponding
vajue caleulnted from the model for datum ;. The
Salver program in Microsoft Excel '97 was uead to
accamplish this taak For the BcD redin, 4 betier
fit of the experimental data was oblamed with o
mﬁﬁ.ﬂ Curreau equation fromm Dumoulin et
al

L=l + (re)*] = (3

whers m ia & fitling comstant. The blends, listed in
Table 2, of PE with the copolymars were prepared
with compositiona at the eritical point, the volume
fruction of the copolymer (45), from the Flory-
Hug?mlatﬁmnndel,ndm-ihadbycﬂﬂand
31 B

# = [1 + (Vi Vina "] 14}

where V, in the monomer volume and n; is Lthe
weightmvmm degree of puly'm:nmtum aof com-
ponent /. On the basis of the free-volume theory,
V, is a function of the expansion coeffidiant (8),
I.EIQIUEE temperature (7), and glass-tranaition
temperature E‘II‘I‘J:""':l

wherw By i& the theymal expansion coeffcient
at 288 K [Agaey = (298 + 4.2377)7%). T, values
ware determinad from thmmagmnu of l'.'ha heat
capacity versus the tempernture obtained with a
PerkinElmer DSCT differential scanning calorim-

Table 2. Hicod Charecteristics ot 443 K

L lasl

Bland € (P ~  idPa*  |AcCk

PEWEDL 043 910 0.0872 a0 0.16

PEOE:01 045 1586 09964 0.02 015
FELVEQ2 0238 2570 09983 0.ag Q.16
PELE-QZ 044 8,530 0.0879 0,03 016
PEAE«OR 045 17,026 00047 0.02 a4
PEI/EcBE 0438 2533 " 0.08 .08
PEYER Q43 4.6 - 0.09 0.08
FEIM:B (.45 13.734 - 00s 0.05

FEVEaP D32 783 00741 D43 040
PELE-F 047 22987 059880 D.43 0.40
PEAEaP 039 5102 09798 GAS 0.40

FEI/FeE 084 110
FEMPE O3 132

* Fram Figores &, 6, snd 7
* Coarmming sol obesrvadl

09710 0.76 0.7
09606 .78 0.70




D68 TABTIANGD, PHOCHALAM, AND VENABLES

Bterathuhmmtas of 2, 5, 10, 15, and 30 K
min"'. TS valnes were nbtaineﬂ by the plotting of
T, wrsun the hesting rate and extrapolation to 0
Kmin ' the T axia intercept was taken as the TS
value, wtnre?‘;'iahhﬂgiﬂautmnmhun bempera

ture at a heatmg rate of O K/min. Vogge vahues
wore tnken from Bicarano.™ The blands were pre-
pared through the dissclution of the components
in teloene at 400 K followed by presipitation
through pouring into excesy methanol at 303 K
The precipitates were removed from the solvent
thogugh flitration and then washed wilh fresh
.methanol before drying in vacuo at 333 Kfor § h
The gamples were then conpolidated, wrapped in
aluminum fiil, and armenled in an in-house-built
tube furnace under & titrogen gas purge for aix
time: {ntervals up w 2 h at 443 K. A tharmocoupls
wag inseried into the wample to deteymine the
lepearature. The samplas were then quenched in
ice witer and wworg sectioned to m nominal thick-
nags of 1 um with an RMC microtome operated at
~80 °C. The nections wers placed oo glass alides
beneath coverslips, with dicctylphthalate as the
mennting medium, and were viewsd with « Nikon
E400 light microscope employing phase-contraat
plotes. Imapes were captured with 1 Sony CMA-
D2CE charge-coupled-device (CCD) camera. The
morphology length scale (A) was maasured with
Imagepro softwere with standard stereclogical
analyeis @ Teat lines were placed over the image,
wnd the length of the test ling {x,) traversing cach
domain was detormined. The length acale was
then caleulated (A = Ex/n, where n; is the num-
bor of tirmea the Lest line crospes a domain).

RESULTS

The T values used to calenlate the monomer
\rnlunl.al are docnmented in Table 3. Because the
interaction paramster {x) was found 1o be a func-
ton of the blend composition, perticularly at low
mnd high comeentrations of polymer 2, st which a
twofild increase could occur, the samples in this
wurk wers prepared st the critics) composition to
limit this effect;'® y was generally nenyly constant
ai compoaitions cloge to the critical pamt

Upon annealing under quiescent conditions in
the malt state at 443 H, the morphelogias that
formed were cooomtinopous, except for the saunplas
containing EcB. For the EcB-containing samples,
no conrdening of the morphology was chaarved; 2
fine length-scale morphology that did not change
over the perlod of snnealing was the result. Fig-

Taklo 1. Pnlﬁﬁaﬂhunmuu
Tﬁ

Polymer aGmid®) (EF SOMPP O
PE 0 253.3 14.20 7.0
PP 0 = 1345 6.20°
PiB* ] — 15.65 6607
Pi¥ 0 — 13.97 0.10"
EsP 50 =01.3 11,87 &80
Be0} 78 30L2 14.28 7.8
B2 i) 201.2 14.24 7184
Ech 18 241.8 1423 8.064
Peit ] 948.2 18.64 &30

* Clams-transition ralo st & s eating oata

* Solublifty parmneter st 443 K eabeylated from grigs cee-
prdtams. T

* Chawaciaristic retio data From Blooramp ™

¢ Caloolated frean the valuex of the homnpalymers.

* Folv(l-buteme

* Poly(1-cclume).

vre 1 shows digitized images of the PEV/ECO2
bland after annealing =t 443 K £ tims intervala
of up to 2 h. Theee images are typicwl of thase
obtmined of samplea thal contained the Ee0],
EcOZ, EaP, and PcE copolymers. The lighter gray
regions that appeer to stand out in relief ure the
copolymer-rich regions; the PE-rich matevial con-
stitutes the darker reginns bocsuse of its higher
crystallinity and, coneoguenily, higher danaity, A,
eanomsnd from the COD imagas, hes boon platted
agninst the annealing time {t) in Figuroe 2-4 for
tha hlend samples containing PE1, FE2, and FEI,
raspactively. Apparently, for each grade of PE,
the coarsening rotéa were influensed by the type
of copolymer present, the level of coarsening fol-
lowing tha sequence PeR > EaP > EcO1 > EcO32
> EcB. Moreover, the conrsaning prugreas waa
affecied by the grade of PE present in the blend.
To further investigate the coarsaning process, we
relatad A to vector (gl by A ~ 2afq. The plota of q,
on e logarithmic scals, versus the cubed root of £,
ghown in Piguree 87 for samplee containing PE1,
PE2, end PES, reapectively, ware found to by sa-
santially linear in the range of 300 < 1 < 7200 .
Daia were Atted to expouential curves of the type
q = a expibe™®), where g and & are fitting con-
stants. The correlation cosflicients (¢} for these
fita aro b;tqd in Table 2.
Rulatm of this type were discuxsed by
2 Arcording to theariea of spinodal
dmmpmahm"nt times close tat = 0, q han »
constant value of g, and Iatay shifts with time ae
comrdening progresses. [n separste stodies, Inaba
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(1]

PE#/Ec(Z aiter annaaling times of (2} 3, (b} 15, G:jﬂﬂ
(d) 80, {a) 60, and (f) 120 min ab 443 K

ot al* and Lee and Hsn™ reported that the
courdening in tha melt state of momiscible Menda
after homogenization through the dissalution of
the constituent polymers In & common solvent
and rapid precipitation with a nonschvent was
equivalant to phase separation vis spinodal de-
composition indoeed by deep quanching of a melt
hlend from a single-phase condition into twe
phiss conditiona throogh the control of tempera-
fure and, therefore, could be described through
eatablished kinstic models. The coarsening rate of
the morphology 18 R = q*D,,/2. The mutusl dif-
fusion coafficiant (D,,,) ia equal ta Df, D, bamg
tha self-diffumion coefficient of palymer j (D,
-i,M_‘,",whmH inthemnlacularwmghtand-ij
is m constant) and £, equal W (x — k¥, being &
factor that modifics the diffusion rates due to

thermadynamic affects.?® y, is the interaction pa-

) 1
150 L ;
T g
oob
= .9
-4
4]
snjﬂ
o
R ¢ ] = ___;-,-.:..—-‘:::‘.1 ’
0 B el
a 2000 000 G000 2000
f{e)

Figore 3. A versus f of 443 K for blends containing
FPE1 blended with (O EaP. (4) EeB, ([T} Pk, (W) EcOZ,
and () E=OL

ramptar ai the spinodal. The zero-shwar-rate vis-
cosity and pelf-diffusion retea are closely related
properties, the term (D/Thy, being Insenaitive to
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»
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Figure 8, A versun ¢ ot 442 K for blands conimining
PE2 blondad with (@) EaP, LA} EeB, [ # 1 PeE, (%) Ec02,
and {71 B,
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Figure & A verpus § ok 443 K for blendic contaieing
PE2 hlendnd weith ( +) BaF, (4} BeB, and {-) BcO2

the temperature.™ Thus, D, = ng?, and B = [,
« g 'f. Hydrodynamic effects during the early
end late stages of coarsening may be describad as
Follows:

A = (gl e (6]
10 - -~ l
] B '
| ]
| s,
3 o & ™ '
- - '
g » Yt
- |
I =]
2]
al | -
(=]
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a
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o ! 10 13 2 e
‘iﬂ {'”3,

Flgure 8. g versus 1 st 443 K for blends containing
PE1 blended with (0 EaP, (I PeB, {80 EcO2, iod {0}
Ex1,
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Plgure d. qvermm ¢'? gt 448 K for Bletudn containing
PE2 blanded with (@} EaP, (4} Pell, (x) BEc02, and (*)
B0l

A o (T, mgdc (7)
whara &y is the Bolismann constant. Thoa, the
comrsening rates are affeciad by the melt viscosity
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Figure 7. qvernas £ at 443 K ior blends conininicg
PE3 bleadsd with (+) BaP snd {-) Eor2
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and thermal énergy, as well as the mutual com-
petibility of the blend components. A normalised
term {g*) may be defined az q* = glhgTin,*
which encompasses the therma) anergy (kT and
vismons fectors (in the firm of n,*). The product

g*t¥® at any time ¢ is & dimsnsicnless number
ﬁnt repregents the conrnensas of the morphology,
being independent of the viscowity and thermal

enesygy

Typical plots from which the zsro-shearrute
visonpitias were determined are presented in Fig-
ure 8. 4* ia plotted as a function of ' in Figure
§, Evidantly, after normalization, the data fall on
three curvea labeled [ 11, and TIL These curves
correspond to the formulationa cootmining FckE,
Ea?P, and EcO, reapectivaly, the gradiant and rel-
ative pogition of each curve being determined by
the natars of the copolymer. Thus, tha normaliza-
ting of the data ix the form of q* largely accounts
for the differences in the melt viscosity of the PE
and copolymer resing, rovealing the mfluence of
the copolymer mmcrostructure. Moresver, the re-
pults phow thet the molecular weights of the PE
end copolymer resing have a relatively small of-
feet on the coarsening of the morphelogy, in omm-
pasison with the influence of the copolymer mi-
croptructure. The coarsening procsas represented
by the plot of g* versas (' rovenls the compati-
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Flgure B. n* vermus w ot 443 K Trood iines were
codeulared with the least sum-of-squeres fit of the Car-
ramn cquation (eq 1) ta the experimeminl data: {+) PEY
EaP. (A) FEVECE, snd (O) PEVESP.

1
0.l
L]
N
P 1 N |
5 [
= 001 4 . , § i e
» K L
* 9 L & '
0.00( * =B
L 1
D.(m! L = I
a 3 10 14 0 bt
112 “lr.l’

Migure 6. g° = & fonction of £*® st 4458 K for blesds
containing PE1 biscded with (O} EaP, ((0) PeB, (M3
£e02, and () KeO1, snmples covtaining PE2 hisuded
with (1 EaP, (#) PeE, (%) BeQ2, and (*) E=O1, and
samples containing PES blended with ( + ) EaP and (-}
EcOZ2. The corves sre groupsd ksto (I PeE-, (T 2af-,
ad (EITY EeOcontaindog fhrmulations

bility betwesn PE and the copolymers, which ia
indepemdent of the viscoaity and therma)l soergy-
A downward shift of q* versus 1® iz 8 result of
decreaging compalibility of the constituent poly-
mer, and so the compatibility of the copolymars
with PE follows the sequence BcB > Ee) > EaP
> eE.

DISCUSSION

Two principal spproaches have been investigoted
in attempts to describe mimcibility in palyolefin
blends. In the first npproach, mixing has been
correintad with the difference in & of the constit-
vent polymers:® the larger the difference, the
lower the compatibility, The focus of the second
approach hae been to conamider differences in the
polymer main-chain stiffness '

& may be calcalated with group contribotion

mathods ** In this work, for the homopolymers, 8
was calenlsted from data by Hoy, tabulated by
Cowie,*' with the following equation: § = IF/V,
where F, is the group contribution of functional
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Figore 10. Morphology cowrsening, repressnted by
1Nq* ™), ma w function of |45

group ; and V ia the molar valome of tbe polymar
repeal unit at 443 K. V was obtained as described
in the Experimental soction. Dats for the copaly-
mera {8y, ) were caleulated. 5g, xpfpg + x.5n,,
whers £ s tha molar fraction of monsmer regi

n the copolymer; subseript E denotes ethylens, o
rapresents the o-olefin, and PE und Pa refer to
the corresponding values of the PE and poly(o-
olefin) homopolymers, respectivaly. The § valoea
are hated in Table 3 The differencea in the &
vahues of the compopnents in each blend {ja3
= [Buy - Bg..,) are given in Table 2. To correlate A8
with the coarsening behavior, we arbitrarily se-
locted the g* value at the midpoint of g* versus
t"® which corresponded to an annealing tune of
30 mm The reciprocal of the product 't

then taken becanse the q*t?? valus for the EcB-
containing samples waa infinity (no coarsening
was observed) 1Aq*'®) was then zere for EcB
samples. 14q**®) is plotted against [A% in Figure
I0. Broadly, the loger difference in § correlatss
with more exlengive cogrsening of the morphols-
gies within the annealing time, a8 indicated by
the higher value of Lig*t"™) However, it fails to
reflect the coarmer marphalnﬂaea af the samplas
cantaining EcO, in comparison with those soo-
taining E<B. Moreaver, the increasa in the branch
length of tha copolymer, which resnlis from tha
inrreame in the molecular welght of the e-olefin

comanomver rewidus, brings & of the copolymer
closer to that of PE, and this suggests an increass
in the compatibility with PE. The morphology
enalyais ghowa the opposite result, with the EcQ
copolymer coarsening fastar than that of the EcB-
containing sample, although the former has a
lower eontent of comonomer residos and, there-
fore, fewer branches. Small-angle nentron scat-
tering experimants hava shown that y incresses
28 the branch langth incresses. 1®
Chain stiffneas may be dearribed with savernl
terms, mcluding the charactenstic ratin (C)L The
veluse of C, laken from Bicerano,*® are liatad in
Tabie 3. Data for the copalymers were caleuniated
{Cipeet With Cp,,, = zCpy + 2,Cp,. The differ-
ances in C between the copolymers and PE (JAC]
= |[ACpp ~ ACge,]) are shown in Table 2; 14g*e™®)
s plotied as a function of }JAC] in Figure 11 Ap-
parently, the larger differences in C ars nsapo-
ated with tha greatar levels of coarsening. Mudh
more daly sre required to determire the peneral-
ity of this result, however. The cormiation be-
twean C and & sare controllad by the sems factoes
reloted to the palymer structure, and so the e
s may be comfounding the underlying phe-
nammalhn!; ornirel e mixing end eosrsening af
ﬁlym&r blende. As pointad out by Crist and
these simpla structural factors, 8 and C,
are mndaquna for damcribing the compatibility of
polyolefing when the polymers are very similar in
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Figure 11, Mnphology coorsening, reproscoted by
Wq*'®), ax s Dunction of |AC],



structure and approach the limits of miscibility.
As evidenved in this report, EcQ pnd EcB have
close values of 8 and C and yot exhibit markedly
different compatibilities with linsar PE.

CONCLUSIONS

The cosrsening rates of linear PE with five poly-
(othylene-co-z-olefin) elastomers with composi-
tions at the ¢ritical point were normoalized to s
wount for the effects of the thermal anergy and
sero-shear-rate viscosity. The influence of the mo-
lecular weighi on the morpholagy evolotion waa
principally throcgh its effoct on the melt viscos-
ity, with littls effect on the thermodynamic com-
patibility. The coarzening progress of the maor
phologry was related to the copolymar microstroe-
turs and branch ¢ontent. The faater coarsening
rates were aimocinted both with the largest differ-
ences in § and with the lergest differences in €
between PE and the polylethylene-cp.e-olefin) co-
polymers. However, the muarked differences in
coarseming batween FEcB and EeQ were not well
reflecied by the small differencos in 5 and C.
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strogture and approach the lxnits of misdbility.
Ax evidenced in this report, EcO and EcB have
close values of 8 and C and yot, exhibit markedly
different competibilities with linsar PE.

COMNCLUSIONS

The coarsening rates of linear PE with five poly-
(ethylene-co-a-olefin) alastommers with annposi-
tione &t the eritical point were normalized to ac-
count for tha effecta of the thenoal ensrgy and
zero-ghear-rate viacoaity, The influenes of the mo-
leculnr weight on the moerphology evalotion was
prinaipally through its effect on the melt viscos-
ity, with little affect on the thermodynamie com-
patibility. The coarasning progreea of the mor-
phology was releted to the copolymer microstrue-
ture and branch cantent. The faster coarsening
ratee ware assotigtod both-with the largest differ-
encas {n § and with the largest differences in C
betwesn PE snd the polytethylene-co-o-alefln) co-
polymars. However, the marked differences in
coarpening batween EcBE and EcO weare not well
reflected by the small differences in & ond €
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