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Spinodal decomposition in multicomponent mixtures of two homopolymers and a block copolymer
was studied by a combination of neutron and light scattering experiments. Mixtures of nearly
monodisperse polyolefins—polymethylbutylenéM,,=1.7x10° gm/mo), polyethylbutylene
(M,,=2.2x10°> gm/mo), and a symmetric polymethylbutylemdsckpolyethylbutylene
(M,,=4.6x10* gm/mo) were studied, following relatively deep quenches into the spinodal region
—x/xs ranged from 1.7 to 2.4y is the Flory—Huggins interaction parameter at the experimental
temperature ang; is the Flory—Huggins interaction parameter at the spinodal tempeyaftre

ratio of homopolymer volume fractions was kept constant at unity, and the block copolymer volume
fraction was varied from 0.0 to 0.2. The evolution of structure was followed over five decades of
real time—1 min to 1 month. During this time, the characteristic length scale of the phase separated
structure increased from I&to 10 um. The early stages of spinodal decomposition, captured by
time-resolved neutron scattering, were compared with theoretical predictions based on the random
phase approximatiofRPA). Qualitative agreement was obtained. The intermediate and late stages,
studied by light scattering, followed classic signatures of binary spinodal decomposition.
Experimental evidence indicates that the block copolymer is uniformly distributed throughout the
sample during all stages of the decomposition.1@95 American Institute of Physics.

INTRODUCTION ¢pe (¢ is the volume fraction of componenti =PM, PE, or
PM-PBE. In contrast, the concentration fluctuationsdigy.pg

The relationship between thermodynamics and morpholwere negligibly small. This situation is depicted schemati-
ogy of polymer blends is of practical and fundamentalcally in Fig. 1&. We assume incompressibility
importance-? Designing processes to achieve a particular goe+ dpp+ dpm.pe=1, everywherg so the system is com-
morphology requires an understanding of phase separatigsletely described by two concentration variablés;, and
kinetics and thermodynamic interactions in polymer mix- ¢p,, oc.
tures. Theoretical descriptions of polymer mixtures based on  |n this paper we study the evolution of structure of PM/
the random phase approximatidRPA) have been crucial in - PE/PM-PE mixtures after they have been quenched from the
this respect. This approach has provided a remarkably accu-homogeneous state into the spinodal redapinodal decom-
rate description of the concentration fluctuations in singleposition. The molecular weights of the PM and PE ho-
phase polymer mixtures. In addition, RPA provides the startmopolymers are larger than those used in our previous study
ing point for quantifying the evolution of structure when (Ref. 28, corresponding to &N of about 4 at room tem-
polymer mixtures are quenched from the single-phase to thgerature(y is the Flory—Huggins interaction parameter and
two-phase region of the phase diagréri. N is the number of monomers per chain in the homopoly-

Most of experimentalgwork on polymer blends, both in merg. The early stages of the spinodal decomposition occur
the single-phase regién® as well as in the two-phase vja amplification of Fourier components of composition fluc-
region?®*" is restricted to binary blends. In a previous yations that were present prior to the queftH. Morral
publication?® we examined the concentration fluctuations iNand Cahn have studied some of the theoretical aspects of
multicomponent blends of two homopolymers and aspinodal decomposition in  incompressible  ternary
block copolymer. Homogeneous mixtures of nearly monomixtures? In principle, the concentration fluctuations of
disperse, model polyolefins—polymethylbutylen€®M),  poth PM and PM-PE could grow in the spinodal region. Two
polyethylbutylene (PB), and polymethylbutylen&lock  extreme possibilities for the distribution of components are
polyethylbutylene(PM-PE—were studied as a function of shown in Fig. 1. One possibility is that the block copolymer
PM-PE concentration. Multicomponent concentration fluc-jg uniformly distributed Fig. 1(b)]. In this case, the system
tuations are characterized by a matrix of partial structurg.s, pe described in terms of a single concentration
factors?®~*2Individual elements of this matrix were obtained yariable—gp, —becauseV goy.pe=0. This is analogous to
from SANS measurements, using contrast matching techs,inggal decomposition in incompressible, binary blends,
niques. We found that these mixtures contained large ampliyng \ye refer to this as a pseudobinary situation. The other
tude fluctuations in homopolymer concentrationgey and  ssibility is the block copolymer is located at the interface
between the PM-rich and PE-rich pha$€fy. 1(c)]. In this
dAuthor to whom correspondence should be addressed. case, bottV ¢py and V ¢pype @are nonzero. For the situation
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FIG. 1. Schematic representation of concentration fluctuations in multicomponent mixtures of two homopolymers and a block copolymer: PM/R&/PM-PE.
Single-phase systems with large homopolymer concentration fluctuations, but the block copolymer is homogeneously distributed. This figure is based on data
given in Ref. 28.(b) Phase separated mixtures in which the block copolymer is uniformly distributed in both pltageisase separated mixtures in which

the block copolymer is preferentially located at the interface.

depicted in Fig. {c), the characteristic length scale of the Similar results were obtained by Hashimoto and
periodic PM-PE concentration profile is half that of the PM Izumitani=83°
profile. There is an infinitum of intermediate possibilities in
which only partial segregation of the block copolymer takesexpERIMENTAL SECTION
place.
The characteristics of the spinodal decomposition in PMMaterials and sample preparation
PE/PM-PE mixtures were studied by a combination of neu-  Nearly monodisperse model polyolefins were synthe-
tron and light scattering experiments. We report on the evosized following the methodology of Rachapudst al*°
lution of the characteristic length scale of the decomposetiomopolymers—polymethylbutylene and polyethylbutyl-
structure as well as the location of the block copolymerene—were synthesized in two steps using isoprene and eth-
within this structure. Time scales covered in this study rangglbutadiene, respectively, as monomers. The polymerizations
from 1 to 16 min (i.e., 1 min to 1 month The characteristic were conducted under high vacutiim cyclohexane and the
length scale of the phase separated structure increased frqsolydienes consisted of predominant®3%) 1,4 addition.
10! to 10 #m during this time. Separate aliquots of the polydienes were then saturated in the
Experiments demonstrating that spinodal decompositiopresence of a palladium catalyst with, dnd D, to yield
in polymer mixtures is fundamentally similar to that in low fully hydrogenated and partially deuterated polyolefins.
molecular weight mixtures were performed many years ago
by Nishi et al?° Since then several researchers have studied _[ CH-CH2-CH2-CH2 ]n_
this phenomenon. Hashimoto and co-workéend Han and |
co-workeré? have conducted a systematic study of the spin- X
odal decomposition in polystyrene/polyvinylmethylether
blends using light scattering. Bates and Wiltzius have studied model polyolefin
phase separation in mixtures of protonated and deuterated
polybutadiené® Recently, time-resolved neutron scattering
has been used to study the early stages of spinodal
decompositiorf*~2” Spinodal decomposition in mixtures of
two homopolymers and a block copolymer were first studied A pair of diblock copolymers-hPM-hPE and dPM-
by Roe and co-worker€:*’ These experiments demonstrated dPE—were synthesized by sequential anionic polymeriza-
that the addition of a high molecular weight block copolymertion of isoprene and ethylbutadiene, followed by saturation.
(M, of block copolymer was a factor of 5 larger than that of These polyolefins are essentially derivatives of polyethylene
the homopolymeysretards the kinetics of phase separation.and are chemically equivalent to alternating ethylene—

X=CH3s - poly(methyl butylene) (PM)

X=CpHjs - poly(ethyl butylene) (PE)
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TABLE I. Characterization of polymers.

Polymerization \Vol. fr. of
Sample Density* Molecular Polydispersity index PM in block
designation  (gm/cn) np® weight index (Ni\Nip) copolymef
hPM-A 0.8540 7.7x10 1.06 1105
dPM-A 0.9226 5.52 8.410° 1.06 1105
hPM-B 0.8540 1.73x10° 1.07 2500
dPM-B 0.9300 6.11 1.8810° 1.07 2500
hPEA 0.8629 4.8x10* 1.07 575
dPEA 0.9297 6.38 5.210* 1.07 575
hPEB 0.8628 2.21x10° 1.08 2600
dPEB 0.9272 6.15 2.3810° 1.08 2600
hPM-hPE 0.8579 4.6x10* 1.09 300-309 0.452
dPM-dPE 0.9007 3.67 4810 1.09 300-300 0.452

@Using a density gradient column.

PAverage number of deuterium per monomer, based on density measurements.
‘From light scattering on polydiene precursors.

YFrom GPC, based on polyisoprene calibration, uncorrected for column dispersion.
fPolymerization index of both blocks was 300.

Based ont3C NMR on hPM-hPE, and densities diPM andhPE.

propylene and ethylene—butene copolymers. In this paper wieeat sealed glass cuvettes with a 0.74 mm inner diameter.
refer to the polymethyl butyleng chains as PM and the The composition of the blends examined in this paper are
poly(ethyl butyleng chains as PE, where the lettdlisandE listed in Table II.
refer to the methyl and ethyl branches emanating from the Spinodal decomposition studies were performed on
C—-C backbone. blends that were annealed at a temperature well above its
The characteristics of the polymers were determined usphase-transition temperature for 15 h and then quenched to
ing procedures described in Ref. 28 and are listed in Table koom temperature as quickly as possible. The annealing tem-
Polymers are named on the basis of their composition. Thperatures ranged from 170 to 250 °C. GPC measurements
prefix h refers to hydrogenated polymers and the prefix confirmed that our thermal treatment did not cause polymer
refers to partially deuterated polymers. Note that there is nalegradation. All the spinodal decomposition experiments
neutron contrast between the blocks in bo®M-hPE and were conducted at room temperature which varied between
dPM-dPE (see Ref. 28 for characterization details of this22 and 25 °C.
polymeyp. Two pairs of PM and PE homopolymers were syn-
thesized. The letteA identifies the lower molecular weight
species, while the letteB identifies the higher molecular
weight species. Homogeneous PMPE-A/PM-PE mixtures The 30 m small angle neutron scatterif@ANS) ma-
were used to obtaily parameters. The spinodal decomposi-chine on the NG3 beamline at the National Institute of Stan-
tion studies were performed on PBIPEB/PM-PE mix- dards and Technolo§§was used to study the early stage of
tures. spinodal decomposition. The following instrument configu-
Blends were made by dissolving the components in cyration was used: neutron wavelength; 10 or 12.5 A, wave-
clohexane and then drying to constant weight in a vacuuntength spread, ANA=0.15, sample-to-detector distance
oven at 70 °C. Small-angle neutron scatter{®ANS) and =13.17 m, sample aperturé®.635 cm, source-to-sample
small-angle light scatteringSALS) experiments were con- distance=11 m, and source sizeb cm. The instrument con-
ducted on 1 mm thick samples held between quartz windowfiguration used in these measurements allowed accegs to
separated by an aluminum spacer. Samples for the widesalues as low as 20m™ L. The scattering data were corrected
angle light scatteringWALS) experiments were confined to for background, empty cell scattering and detector sensitiv-

Time resolved scattering from blends undergoing
spinodal decomposition

TABLE II. Summary of blends examined in this paper.

Components
Blend
Experiments designation A B A-B bal 3 das
Spinodal decomposition A0 dPM-B hPE-B 1.0 0.0
Al0 dPM-B hPE-B hPM-hPE 1.0 0.1
A20 dPM-B hPE-B hPM-hPE 1.0 0.2
B10 hPM-B hPEB dPM-dPE 1.0 0.1
Determination ofy parameters C20 dPM-A hPEA hPM-hPE 1.3 0.2
D20 hPM-A hPEA dPM-dPE 1.3 0.2

#Based on weight fractions, assuming no volume change on mixing.
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ity. Since we were mainly interested mlative changes in 1.8 11— Ty
the scattering profile§peak position and intensitythe data 16 E 3
were not scaled to absolute cross section. : O dPM-BMPE-A o

The wide angle light scatterinVALS) measurements 4F o deM-AMPEA o7

were made on an ALV-5000 instrument at the Polytechnic
University. The sample, encased in a cylindrical cuvette, was <
immersed in an index matching, thermostated bath. The ><
sample was located at the center of a computer driven goni- =
ometer equipped with 40@m pinholes, a focusing lens to

image the scattered light on to the face of a photomultiplier

L)

supplied by EMI. The samples were probed using light with 0.2 o A T B T
A=0.63 um from a HeNe laser. 22 24 26 28 30 32 34
The small angle light scatteringSALS) apparatus was 1T x 10° (1/K)

designed to obtain the scattering profiles from flat samples.

; ; ; ; G. 2. The dependence gfparameter on temperatur&)( obtained from
Samples used in these experiments were identical to tho{%nary mixtures ofdPM-A/hPE-A and dPM-B/hPE-A. It is apparent that

used in the SANS experiments. This apparatus was used {Qe \ parameter is nearly independent of component molecular weight.
follow the late stages of spinodal decomposition. At this
stage, the scattered intensity was quite large, and scattering
profiles were obtained by translating a photodiode verticallyperimemS by Cohen and Ramos demonstrated the richness of
The data were recorded on a Macintosh llci using Labviewpf1ase diagrams of mixtures of two homopolymers and a
Background scattering was negligible in the light scattering,|gck copolymef34 Theoretical analyses by Leibférand
experiments, and the measured data were only corrected f@fiqseta and Fredricksdf. which apply to homogeneous
changes in sample transmission. In both WALS and SALSyhages, predict that both biphasic and triphasic equilibria are
the intensity of the incident beam was monitored with they,ggiple in these systems. On the other hand, if the coexist-
help of a beam spliter and a reference diode. ing phases are not homogeneous and the block copolymer is
All the scattering experiments reported in this paperiscated at the intervening interface, then it is possible to
were repeated several times. For the sake of clarity, datgpiain emulsified phases of one polymer in anoffié.
obtained from only one of the runs is shown. In this paperwe e starting point of these analyses is the Flory—
focus on the location of the scattering maximum and thy,qgins theory which describes the free energy of a mixing
peak intensity, which were reproducible to within 10%. of two homopolymerA andB) and a diblock copolymer
(AB), AG,,"*™>

) ) _AGp  daln ¢p $as N Pap
The 8 m SANS machine on the NG5 beamline at thed(®a, Pas)= =
vkKT  Npvalv

National Institute of Standards and Technology was used to

Static small angle neutron scattering

NAva/v+NBbvB/v

obtain the absolute SANS intensity from the multicomponent (1= da—dap)IN(1— da— dap)

blends. These experiments were used to study the concentra- + Ngvg/v +x[{¢a
tion fluctuations of individual components in both single-

phase as well as two-phase systems, and to determpze tThasH1l—da— bagt(1-F ) dag}
rameters. The following instrument configuration was used: —f(1—f )papl, 1)

neutron wavelengthh\=9.0 A wavelength spreadAN\ ) ) o
=0.25, sample-to-detector distane®.6 m, sample aperture Whereg(¢a,¢ag) is the normalized free energy of mixing
—1.2 cm, source-to-sample distare&1 m, and source size Per unit volumek is the Boltzmann constant, is the abso-
=2.7 cm. The scattering data were corrected for backgroundUte temperaturel; and ¢, are the number of monomers per
empty cell scattering and detector sensitivity, converted to agnain and volume fraction of componentrespectively, (
absolute scale using secondary standards, and azimuthafiy:B). $ag iS the volume fraction of the block copolymer,
averaged. The incoherent scattering for each blend was esn[ﬁ—/Ab and Ng;, are the number oA and B monomers in a
mated from SANS measurements on pure hPM, assuminBlOCk copqumer chain, respectivelfyjs the volume fraction
that it is proportional to the concentration of H atoms in theOf A mers in the block copolymer,, andvg are the volumes
blend, and subtracted from the azimuthally averaged scattePcCupied by monomera and B, respectively, and is the
ing profiles to give the coherent scattering intensifg)  Flory—Huggins interaction parameter betweén and B
[q=4m sin(BI2)/\, where § is the scattering angleThe ab-  Monomers based on a reference volume The reference

solute scattered intensity was thus obtained without resortin§0!ume throughout this paper is equal to 148.% hich is
to any adjustable parameters. equal to the geometric mean of the volumes gfadd G

units in PM and PE chains at 27 °C, respectively.

In Fig. 2 we summarize static SANS data obtained from
binary blends ofd PM-A/h PEA and d PM-B/h PEA

In this section we map out the phase diagram of BM- (¢py/dpe=1.0. The SANS data from the binary mixtures
PEB/PM-PE mixtures. This is necessary for interpretationwere recast in terms of the Flory—Huggins interaction pa-
of the spinodal decomposition experiments. Pioneering exrameter,y, using procedures given in Ref. 28. It is evident

PHASE DIAGRAM OF PM/PE/PM-PE MIXTURES
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hPE-hPM The spinodal temperatures for these blends were also
determined experimentally. SANS profiles were compared

with theoretical predictions based on RPA and departures

between experiment and theory were used as a signature of
the onset of phase separation. The RPA prediction for the

scattered intensity for a single-phase, multicomponent mix-

ture is given bg>~32

1(q)=B"S(q)B, (4)
hPE-F dPM-B where the multicomponent structure factor mat®&q), is
given by
T rprrrprrrprrr]
00 02 04 06 08 10 S(q)=[S(q) " *+V(q)] % (5

¢
Matrix S is related to ideal intramolecular correlations

FIG. 3. The predicted spinodal curves of the ternary biéR¥-B/hPEB/ ; ; ; — ; [
hPM-hPE at temperatures ranging from 25 to 170 °C. The spinodal decoml—n the. absence of mtebractlom; hO), Vis related to the in d
position experiments reported here are carried out on blends containing 0")0¢racuon parameters . etween the CO.nSt'tuent monpmers, an
10%, and 20% by volume of block copolymesimy/dee=1.0) at 25 °C. The  the vectorB characterizes the scattering contrasts in the sys-
solid lines represent predicted spinodal curves at temperatures correspongm. For an incompressible mixture of two homopolymers
ing to the cntlc_al pomt_s qf these mlxt_ures. The point at the ba_se of the%rld a diblock copolymelso andV are 3x3 matrices and
ternary phase diagram indicates the spinodal temperature of the binary blen .
of dPM-B/hPEB. IS a 3 component vector. Expressions for the elemeng of

V, andB, and parameters required to specify the components

of these matrices for the PB/PEB/PM-PE system are

that v i ithi . al ind dent of mol given in Ref. 28. Parameters used in these calculations are
at y is, within experimental error, independent of mo ecu'given in Appendix A.

lar weight of thed PM chains. The temperature dependence SANS profiles of A0, A10, and A20 samples were mea-

of x can be approximated as follows: sured as a function of increasing temperature. Samples were
x=2.82x10"3-2.231/T+545.5/T2, (2) annealed at each temperature for at least 100 min before the
SANS data were acquired. In Fig(a# we plot1(q) vs q

dataEi%ugféonz(Z) represents the best quadratic fit through theobtained from the blend A20 at selected temperatures. The

The spinodal line for PM/PE/PM-PE mixtures is given scattering profiles at a_lll temperature-_s are quall_tatl\(ely s_|m|lar
and show a monotonic decrease with increasjngt is evi-

by dent thatl (q) obtained at the higher temperatuf@é °C and
9%g\ [ o°g 79 \* above are nearly superposable. The scattering profile ob-
,97)3\ Idan | 9paddag =0. 3 tained at 50 °C, however, shows significant deviations.

o ) The distinction between the scattering profiles becomes
Predictions of the spinodal curves for PRIPEB/PM- ¢jearer when we plot the data in the Kratky formiaf? vs g.
PE mixtures at several temperatures were calculated using the single phase region, the produqgf is predicted by
Eqs.(l_)—(??). The results are shown on a ternary phase diagpa to reach a plateau at high(the Kratky plateau Only
gram in Fig. 3. For the molecular weight and temperaturgne statistical segment lengths and monomer volumes affect
range of interest, the Flory—Huggins predictions for thege yajue of the Kratky platealSince these are weak func-
phase diagrams are relatively simple. For phase separatgns of temperature, the produdt? is also expected to be a
systems, two-phase equilibrium is predicted over the accegyeak function of temperature in the single-phase region. The
sible composition and temperature window. The tie lines aresaNS data from the A20 blend is compared with theoretical
nearly horizontal owing to the fact that the molecular vol- predictions in Fig. ). It is evident that (q)q2 approaches
umes of PMB and PEB are nearly identical and because the 5 plateau of about 13@m 2 at 90 °C and above, a value that
block copolymer is nearly symmetrisee Table)l The cal-  is'in good agreement with RPA predictiopsee Fig. 4b)].
culated spinodal temperaturess, for blends with  yowever, it drifts to lower values at temperatures less than or
beme/dpes = 1.0 andpy.pe=0.0, 0.1, and 0.2 blends gqya) to 70 °C. The SANS data obtained from A0 and A10
are given in Table Il. blends showed similar trends.
The temperature dependence of the Kratky plateau of all
three blends is summarized in Fig. 5. The value of the pla-

TABLE IIl. Summary of static SANS results. teau reportedP, is the average of(q)qg? in the range 160
<Qq<400 um™ 1. The ordinate in Fig. 5 is normalized by a
T5(°C) XIxs constantP,—the average value dP at high temperatures.
Blend Calculated Measured Calculated Measured The transition temperature from single phase to two phase,

0 97210 130010 Toa . T, is estimated to be the point of departure of normalied

+ ) , : 0 . . .
A10 82+9 95+9 175 192 from unity (by 5% or more. Smce this depa_rture is not
A20 68+9 80+10 1.55 1.72 abrupt and our choice of 5% is based on estimated experi-
mental errors, there is considerable uncertainty associated
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200 T ———— theoretical predictions. The differences between experiment
: P—— ] and predictions are within error bounds for two out of the
160 5 ° o 70C | - three samples. One of the reasons for obtainiggvas to
[ X§ ° 13828 i estimate the thermodynamic driving force for phase separa-
120 | A% +  M0°C 3 tion at room temperature, gauged by the magnitudg/gf
I I 2 A 180°C (Where x, is the value ofy at the spinodal The theoretical
(cm’?) 80 L §§ ] and experimental values afys, based on Eq(2), are also
[ ogg ] listed in Table IIl.
a0 [ oo!g! ] Light scattering is the experiment of choice for deter-
[ Ooogggg“gg! ] mining the phase transition temperature of a mixture. The
Y S T PR IR gg absence or presence of a spinodal ring is an unambiguous
50 100 150 200 250 300 way of determining whether or not a blend with critical com-
@) q(um™) position is single phase. However, due to the high molecular
weights of the components, such determination would re-
180 e quire very long experiments, lasting several months per
i e 50°C o 120 sample>® All of the light scattering results presented here
160 |- I ;805 Z fﬁg were obtained at room temperature, which is well belbw
o 100°C A of all the samples.

140 |
qu :"}' A EQUATIONS DESCRIBING THE EARLY STAGES OF
SPINODAL DECOMPOSITION

(um Y120 b 7 K e
100 _ o AATS . Spinodql decomposition occurs via grpwth of concent_ra-
- M tion fluctuations that are present in the single-phase region,
% :. L before the system is quenched into the unstable region of the
0 100 200 300 400 500 600 phase diagram. We thus need to determine concentration
(b) q(um™Y fluctuations in ¢py and ¢pppe i homogeneous PM/PE/
PM-PE mixtures. The concentration fluctuations in homoge-
FIG. 4. SANS profiles of blend A20 at selected temperatues.vs g plot. neous PMA/PE-A/PM_PE mlxturgs at ro.om temperature
(b) 12 vs q plot (Kratky formad. The dashed line represents the RPA based Were described in Ref. 28. We briefly review the arguments
estimate of the Kratky plateau at 170 °C and the error bar represents tharesented there, and extend our investigation to higher tem-
uncertainty in this estimate due, gnainly to errors in instrument calibrationperaturegup to 170 °Q.
ﬁngacchkzrifﬁﬂzfﬁﬁ?a;ﬂi drift 64~ at largeq may be due to small errors In Fig. 6(@) we show SANS intensities from two single-
’ phase PMA/PEA/PM-PE blends, withgppy/dpe=1.3 and
dpm-pe=0.2 (see Table . These are blends composed of the

with our measurements &f.. Nevertheless. we observed a /0Wer molecular weight homopolymers at the critical ratio.
S* 1 .
systematic trend toward lower phase transition temperatureshe only difference between the two blends—labeled C20

with increasing block copolymer concentration. The experi-2"d D20—is that in blend C20 the PM homopolymer is la-
mentally determined values @t are listed in Table Ill. The Peled with deuterium, while in blend D20, the PM-PE block

experimental trends for the dependencd gbn ¢, parallel copolymer is labeled. The ISANS Qata} from these two blequ
allow us to study correlations of individual components in
the multicomponent mixture. The measured SANS profiles
[ from the two blends differ substantially, indicating a qualita-
L tive difference in the correlations of the homopolyniei)
100 £ > SSRRF SO = EPY and the block copolyme{PM-PE. Correlations in polymer
[ l a o mixtures arise due to connectivity of the chains and due to
090 E ¢,’ P ] concentration fluctuations. In order to estimate the amplitude
i . ] of the concentration fluctuations we must subtract out the
T ¥ E connectivity contribution to the SANS signal. The dashed
Lo /, “-0--A0 ] lines are the calculated intensities for blends C20 and D20
070 E ¢ “-EB--AlD ] using Egs.(4) and (5) with all the y parameters are set to
F < oo A ] zero. This represents the RPA based estimate of the contri-
0.60 T T bution tol(q) due to connectivity, and we refer to this as

o s B0 0 o 1o 16 15 200 ligea @) The excess scatteriri(q), defined by
Temperature °C E()=1(a)—ligeald), ©)

FIG. 5. The temperature dependence of the Kratky plat®juf¢r blends s thus a measure of the magnitude of the concentration fluc-
AO (circles, A10 (squares and A20(diamond$. The ordinate is normalized : : :

by Py, the average value d? at high temperatures. For A®,=132.6 tuations. Note that when We use theparameters given in
umd. For A10, P,=137.4 um®. For A20, P,=130.5 un?. [Actual  1able V, the RPA based estimatelgf)), represented by the

plateau=(normalizedP x (Py).] solid line in Fig. &a), is in very good agreement with the

A20 Al0 A0

P/P
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can thus use the Cahn analysis of spinodal decomposition in
binary mixtures:’8 In this analysis, the free energy of an
inhomogeneous, incompressible system with volirig ap-
proximated by

(em™Y) G(¢, V)= fv[g(¢)+K(V¢)2]dV, @
whereg(¢) is the free energy density of the homogeneous
systemk is a phenomenological constant which is a measure
i of the free energy penalty associated with concentration fluc-
e i S tuations, andp is the volume fraction of the fluctuating spe-
(@) 0.00 001 002 ‘1)&»9% 004 005 0.06 cies. Using this equation, Cahn demonstrated that the onset

a(A) of spinodal decomposition is announced by a scattering
20 T maximum atq=q,:

_ng/d(ﬁTl/Z

K

C20 ] 1
D20 27°C szz
D20 84°C

D20 170°C

®

15 F

X+ 09

E@ 10F
(em™)

. Furthermore, by postulating a linear relationship be-
] tween mass flux and chemical potentiah Onsager relation-
ship), it was predicted that scattered intensity at the peak,
would grow exponentially with time, whiley,, would be
independent of time:

I|,,,,|,,,,|,,,,|,,,,|,,,,E |m=|moeX[i(t/Tm), (9)

000 001 002 003 004 005 006
(b) qA™)

where 7,,, is related to the Onsager coefficient,

1 1
_ 2 2\ 2
FIG. 6. (@ The SANS data and multicomponent RPA predictigaslid Tm ) A(=d°g/d4%)an. (10)
lines) from ternary blends of C2Qdiamondg and D20(circles at 27 °C.
Both blends contain 20% diblock copolymer, but in blend C20 the deute-  Applying this theory to a pseudobina®/B/AB mixture
rium labels are on homopolymer PM-while in blend D20, the deuterium @ get
labels are of the block copolymer PM-PE. The dashed lines repreggnt

the scattering contribution due to chain connectivity, and were calculated d2g 4
using multicomponent RPA with aj, set to zero for both blendgb) The — =2 ———F—=2(X—Xs) (12
excess scattering(q) of blends C20 and D20 at selected temperat{ses d¢A N(1- d’AB)

Eq. (6) for definition of E(q)]. : . o
- (6) for definition of E(q)] wherey; is the value ofy at the spinodal point in the ternary

mixture {xs=2/[N(1— ¢ag)]}. Equation(11) was derived

experimental data. This enhances our confidence in our esff®™ Ed. (1) under the condition thap,g is constant, and is
mate ofl,4.,(q). We plot E(q) vs q obtained from blends restricted to symmetric mixtures in which
C20 and D20 at selected temperatures in Fig).6The value ~ $a~ ¢8= (1~ ¢ap)/2 and N=Nv,/u~Ngvg/v. These
of E(q) of blend D20 is virtually zero at alj and at all S|mpI|_f|cat|ons are_appropngte for spinodal decomposition
temperatures. This indicates that the block copolymer con€XPeriments described in this paper. o
centration fluctuations are negligibly small. In contrast, we 1N phenomeholo_gjllcal constant in equatio is ob-
see significant excess scattering in blend C2¢<aB0 um-*  tained by expandings “(q) in th92 limit 6% 5ssmall g and

at all temperatures. This indicates that there are substanti§futing Z to the coefficient of the” term.”™>**We present
homopolymer concentration fluctuations with length scalene result for symmetric mixtures with the additional simpli-
greater than 0.2um (27/q). We thus conclude that in single fication that the statistical segment lengths ofAhendB are

phase, critical PM/PE/PM-PE blends the homopolymer conidentical (,=lg=1). Using results derived by Broseta and

H 6
centration fluctuations are of much larger amplitude than thafredricksofi® we get

of block copolymer concentration fluctuations, regardless of = (12/9)h(pag,N/Nap), (12
temperature. ) o
Given the fact that the block copolymer is uniformly Where functionh is given by
distributed in the single-phase PM/PE/PM-PE blends, and 1[(1-¢)2 d(1—)] 2 (1—¢)?
the fact that the predicted equilibrium consists of phases with  h(¢,a)= 2 { 7 T 1a [ 2 [1— ¢

equal concentrations of block copolyméee section on
phase diagram of PM/PE/PM-PE mixtuyes is reasonable 2¢ ¢ d(1—d)? A(1—¢)
to assume that the early stages of spinodal decomposition is T ?} T 782 T a2
dominated by growth of homopolymer concentration fluctua- 5

tions, only. This is the pseudobinary condition with only one P*(1-¢) ¢° ]

independent concentration variable, i.é, [Fig. 1(b)]. We 40  8a* (13
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1964 Lin et al.: Spinodal decomposition in multicomponent blends

Note that in the limit of¢pog—0 we obtainh=1 (regard- 15 10° o _ _
less ofN/N,g) andx reduces to de Gennes result for a 50/50 M ' ' ' i ' :
homopolymer blend. Substituting Eqs(11) and (12) into 30100 F L 93min
Eq. (8) we get 2510 | o

9(y— 1/2 2.0 10* 3 g

Om-cahn— 2|(2)|§(—(b),(j3) ) (14 I 1510 z— g

o A
wherel, the average statistical segment length, is giveh by Lo10* | X
2412 50100 |

2= A_; B. (15) 0.0 10° E f : Biaroo..

Equations(13)—(15) can thus be used to predict the lo- 0 25 50 75100 125 150
cation of the scattering maximum during the early stages of (@) q(um™)
spinodal decomposition without resorting to any adjustable .
parameters. 3510 Fr

3.010° E 8 L5 min

F + 35 min

EXPERIMENTAL RESULTS ON EARLY STAGES OF 2510° £ o 60 min
SPINODAL DECOMPOSITION 2010 | O iy Min

The early stages of spinodal decomposition in A0, A10, 1 1510* 3 Y min
and A20 blends were obtained by time resolved SANS. We Lo10* | % 102.0 min
definet=0 as the time at which the sample was removed 50100 E
from the annealing oven which was set to a temperature well 00 10° F
in the single phase region. The sample temperature was mea- ’
sured directly by inserting a thermocouple and it was found (')' = '25' = '50' 5 100 s 150
that the sample temperature reached 25 °C in 5 min. The () qum™)
measured scattering profiles obtained from the AO blend at
selected values df are shown in Fig. ®. At t=7 min a 3.0 10 N
peak appears a,,=31 um 1. The scattering peak stays £ ' ' ' ' ' .
within the experimentally observable window for about 30 2510° E ot A 15 min|
min before disappearing behind the beam stop. The data ob- so10t B+ ot X 60, min) 3
tained from the A10 and A20 blends are similar and are o+ S o 230 min)
shown in Figs. ®) and 7c). 15 10" £ i O 2235 mn| 3

The time dependence df,, for the three samples is I 1010° | " E "
shown in Fig. 8. The early stage of spinodal decomposition, . F I
characterized by a time-independeg, is clearly evident in 010 3 ,
the data obtained from the A0, A10, and A20 blends. The 00100 | ARG L e
location of the scattering maximung,,, for the AO blend T T
stays nearly constant frot=7 min until about 20 min. The 0 25 50 75 100 125 150
A10 blend exhibits qualitatively similar behavior ang, is () q(um™ ")

nearly independent unti=30 min. In contrast, the 20%
blend shows unusual characteristics at very early imeSegi 7 Time-resolved SANS profiles at 25 °@) AO. (b) AL0. (c) A20.
Fromt=10 to 20 min we find thaty,, increases with time
implying a decrease in the characteristic phase size with time
before reaching a time-independent value. Han and co-
workers have also observed this effect and have attributedith experimental resultésquares It is evident that the ex-
this observation to the fact that during the quenching procesgerimentally observed,,, values are quite different from
the blends spend finite amounts of time at several locationtheoretical predictions. The largest deviation is observed in
within the spinodaf®?’ The smaller values of,, observed the binary blendA0), where we find that theory overpredicts
in the very early stages are probably due to spinodal decong,,o by a factor of 3. This is the blend with the largest value
position at temperatures greater than 25 °C. Although thisf x/xs (see Table Il). Blends A10 and A20, which have
effect is most noticeable in the A20 blend, the A0 and AlOlower values ofy/ys, show better agreement with theory.
blends also show a slight increased at very early times, This is consistent with de Gennes’ assessfhit for deep
presumably due to the same effect. quenches, the multiplicity of relaxation processes in polymer
In all three samples we observed a time interval overfluids®®®’ would make the Onsager coefficiemtdependent.
which g, was, within experimental error, independent of In such cases, Cahn’s theory, which was developed for fluids
time. This is the classic signature of the “early” stage of with a g-independent Onsager coefficiefite., Newtonian
spinodal decompositiot{:*8 In Fig. 9 we compare the theo- fluids), would be inappropriate. A systematic description of
retical prediction based on E@l14) (curve labeled Cahn this effect is contained in the work of Pincus and Bintiér.
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100 — T ] 510 T T 17—
80 J |
5 o A0 i
60 A A0 | | | R A
+ A20
. A
ol ] | MA + T
ARIARE A + T
9. 30| ©0000o Aty | I ++
m 0% A +++ m
(um™") A TH 110* | o A0 | A
20 ] [ A AlIO ]
+ A20
10 Losast L s o a1 b v
s 10 50 100 500 0 20 40 60 80 100
Time (minutes) Time (min)

FIG. 8. The location of the time-resolved SANS maximuy,, vs time for FIG. 10. The time dependence of the intensity at the time-resolved SANS
blends A0, A10, and A20. maximum, |, for blends A0, A10, and A20. The early stage, characterized
by an exponential growth if,, is clearly evident.

The results of both theories can be summarized by the fol-

lowing equation: in best at¢$,=0.2, suggesting that the pseudobinary ap-

proximation is not the main cause for the observed discrep-

Gm—deep quench_ s(x/xe) (16) ancy. One possibility is that higher order corrections to the
Um-cahn S inhomogeneous free enerffgq. (7)] may become important

for describing deep quenches. On the other hand, the source
of the discrepancy may lie in the experiments due to diffi-
cculties in performing rapid and deep quenches.

The time dependence of, during the early stages.e.,

where functions(x/ xs) is a monotonically decreasing func-
tion of quench depth/x,. For shallow quenches/xs~1),
s—1. The functions obtained by Binder and Pincus ar
slightly different, due to slightly different forms used for the ) A et -
q dependence of, and are given in Appendix EEgs. (B1) dm, independent of t|rn)e|s.shown in Fig. 10. Data obtained
and (B2)]. However, for they/, values of interest—1.0 to peforeqm reaches a tlme—lndepenQent vr.;\Iue'are not'shown. It
2.5—the two theories give nearly identical values ofiS €vident that, grows exponentially with time during the
sl xo).- early stage; and that the addition of _block copo_lymer leads
Equations(16), (B1), and (B2) were derived for binary to more rapid growth of the concentration fluctuations. Equa-

polymer blends and are thus only valid for AO blend. Similartion (10) could be used to estimatg, which, in turn, can be
analyses for multicomponent mixtures have not yet beeffSed to estimaté. Achrdmg to de Gennes, for 50/50 ho-
worked out. Lacking a better alternative, we computed thdnopelymer blends,A=Dg.N/4, where D is the self-
Pincus—Binder correction to the data from A10 and A2odiffusion coefficient of the homopolymer. Self-diffusion co-

blends, assuming that the same functigy/y.) is appli- efficients can be estimated from rheological data. We
l S

- _ —14 _ 13
cable. The theoretical predictions based on the PincusgSt'm""teDSe'fP'\/lz_‘L5><10 cnls andD seirpe=8.6x10
n/s. [Dse=Rg/674 where the longest relaxation time,

Binder theory are in better agreement with experiments, aS 5 A - -
4=12no/(7°Gpg), 79 is the zero shear viscosity of the

shown in Fig. 9. The discrepancy between theory and experi: ;
elt at room temperatur@ 0® and 16 poise for PM and PE,

ment is now less than a factor of 2. Note that the agreemerﬁ‘ : s
respectively, G, is the plateau modulugl.14 and 0.292

MPa for PM and PE, respectively’®® Since the slower
moving species is expected to dominate the relaxation

F L o o o o o o o o o e i _ L.
AR ' R processe§,we estimate thah=2.8x10 ™ cné/s. This is a
70 | A}hﬂ 3 factor of 20 larger than the experimental value obtained from
- _ TS ] A0, which is 1.4<10 *? cné/s. This factor is well outside
6 F T~ ) E experimental uncertainty, as well as corrections due tajthe
4 . so b deGennes-Pincus-Binder T~ 3 dependenc_e oA.>® The values ofA disgus_sed in this para-
"‘_"1 [ ] graph and in Table IV refer to thg—0 limit.
(M) 49 - -/I//_. E
30 F . f - TABLE IV. Characteristics of the initial stages of spinodal decomposition.
: Experiment .
20'..-.I---.I.--.I.---lu-.|I||||'
0.00 005 010 015 020 025 Coﬁg%er A P9
AB en vol. fr. Qo (um™ mo (@rb. unit3 7, (min X
¢ Blend  vol. f (M) 1o (arb. unit3 7, (min)  x10%2
FIG. 9. The dependence of the early stage scattering meak,on block A0 0.0 31 1.%10* 143 14
copolymer concentration. The curves represent theoretical predictions base&10 0.1 37 8.X10° 33 51
on Cahn theorydotted curvg and on the de Gennes—Pincus—Binder theory A20 0.2 39 2.6¢10° 23 7.5

(dot—dash curve
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30T L B o i i e o o R B R LA 30 — T T .......:104
; —o—30 min | ] ]
25F —H—485 min | ] —_—
[ —0— 850 min
F —%— 1545 min 20 F —>
20F —A—— 3480 min
1 : q
C m 11
(a.m.) 15F » > 10
2 (um™)
1.OF
- 10
0.5 i
0.0 - 7 vl g2
0 10 15 20 25 30 10*
(a) q(um’ ) Time(minutes)
20 [ NI B e e e e FIG. 12. The dependence bf andq,, on time plotted in log—log format.
[ o— 73 min The solid lines represent scaling predictions of Akcasal. (Ref. 60 for
—&— 720 min the intermediate stage of spinodal decomposition. Solid symbols refer to
15 —6— 1746min | blend A0 and open symbols refer to blend A20.
L —a— 3123min
—— 4260min
| 1.0 of spinodal decomposition, the peak moves to logeand
(a.u.) increases in intensity as time progresses. The time depen-
dence of the scattering curves obtained from the A20 blend
051 are similar and shown in Fig. 14).
L In Fig. 12 we show the effect of block copolymer con-
0.0 0 centration on the time dependence gpf and I ,,. At any
b) 0 5 10 (15 .1) 20 25 30 given time,t, we find that the blend containing the block
q (Um

copolymer has a smaller phase sigeeq,, vst data. This is

a continuation of the trend observed during the early stages.
Coarsening processes in the intermediate stage are inher-

ently nonlinear and analytical solutions to the governing

The long time data in Fig. 10 show gradual deviationsequations are not possible. /-}géoroximate solutions were ob-
from exponential growth, indicating the onset of the interme-tained by several researchéfs® The results of these stud-
diate stage of spinodal decomposition. The points of depar€S are often expressed as power laws
ture from gxponentiql growth are roughly pongistent withthe g —t-« and|,~tA. (17)
time at whichq,,, begins to decrease with tint€ig. 8). Most ) ) ) )
of the decomposition in this stage was beyonddtrange of Typical values fora in the intermediate stage range be-

the SANS instrument and was studied by light scattering. tWeen 0.2 and 0.4. For instance, Akcasu and Klein predict
that for polymer blendsg is 0.33 andB is 1 in the interme-

diate regimé® Due to dimensionality argumenf3 is equal
to 3a. The theoretical work done thus far in the intermediate
regime is restricted to binary blent&:%° The WALS data
The coarsening of phase separated structure occurs opbtained from A0 and A20 are reasonably consistent with
two stages(1) the intermediate stage wherein both the com-a=0.33 andB=1.0. This suggests that the result of Akcasu
position and characteristic length of the coexisting phaseand Klein, derived originally for binary polymer blends, is
change with time; an?) the late stage wherein the compo- also valid for some multicomponent blends.
sition of the coexisting phases and the intervening interface In theory, coarsening in the late stage is characterized by
reach equilibrium and only the characteristic length increasea and 3 values of 1 and 3, respectivély.®® Furthermore,
with time. since the structures obtained at different times are self-
Typical WALS profiles obtained from the AO blend is similar, differing only in length scale, a collapse of the scat-
shown in Fig. 11a). The scattering profile is flat at early tering data are anticipated I3, is plotted vsq/q,,.5*%°
times (t<500 min. Note that the SANS results discussed in Typical SALS profiles obtained from the A0 and A20
the preceding section indicate that the scattered intensity isamples are shown in Figs.(&Band 13b), respectively. The
the g range 10um 1<q<70 um™! grows during the early qualitative features of the scattering profiles are a continua-
stages. This is within the observalgjevindow of the WALS  tion of the trends observed in the WALS experimeritg:
apparatus. We believe that the lower optical contrast betweencreases with time while,, decreases with time. In Figs.
the homopolymers precludes the possibility of observing thel4(a) and 14b) we plot these data i3, vs g/q,, format. It
early stages on our light scattering instrument. Howeveris evident that the SALS data from A0 and A20 do not col-
with increasing time, the scattering intensity increases graduapse over most of the available time window, implying that
ally and t=~500 min a peaked scattering profile is clearly the blends are not in the late stage of spinodal decomposi-
observed. As is typical of systems in the intermediate stagdon. However, the last two sets of data obtained from A20 do

FIG. 11. The WALS profiles obtained froii@) AO and (b) A20.

INTERMEDIATE AND LATE STAGES OF SPINODAL
DECOMPOSITION
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100 - . .
| T aft h .
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FIG. 13. The SALS profiles obtained frofa) AO and (b) A20.

FIG. 14. The SALS data frorte) AO and(b) A20 plotted in the formatq?,

vs g/q,, . A collapse indicates the onset of the late stage of spinodal decom-

show some signs of collapse suggesting that the blend co
taining 20% block copolymer enters the late stage of spin-
odal decomposition after about 1 month! On the other hand,
the AO blend is still in the intermediate stage of spinodalt
decomposition after 1 month. This conclusion is consisten
with data shown in Figs. 15 where we show the time depen
dence ofg,, andl,, for the AO and A20 blends. In the time
window available, the values for and 8 do not approach
the expected values of 1 and 3, respectively. .
We thus see that the addition of the PM-PE diblock to &
PM-B/PEB blend results in a more rapid approach toward
the final stage of spinodal decomposition. These are the first
experiments which demonstrate the possibility of accelera-

obtained from the blend contai

s evident in the WALS dat&Fig.

I;l)psition, and is only observed in the A20 blend aftet14* min.

erface increases. This may result in retardation of the spin-
dal decomposition due to “crowding” of the block copoly-
mer molecules at the interfaé®?’ We do not see any
evidence of this effect. The dependencel gfandg,, on t

ning the block copolymer,

A20, nearly parallels that found in the binary blend, AO. This

12 as well as the SALS

data(Fig. 15. This indicates that the coarsening mechanisms

tion of spinodal decomposition by addition of block copoly- 3.0 T ——————— 10?
mer. There are two possible reasons for this. First, the equi- ‘*&ago‘ __E-ﬁ
librium concentrations are further apart in the 0% blend than <~—DVoy F w -
in the 20% blend and thus achieving these concentration will 20 ¢ o 3 410
require greater timésee Fig. 3. Second, the addition of the o X
. . q < e I

lower molecular weight diblock copolymer leads to a reduc- m NG m
tion in average viscosity which, in turn, can accelerate phase  (um’ D) p}z e, . 1400
separation. oo e

of? m AN

Or Q
EFFECT OF BLOCK COPOLYMER ON SPINODAL - m -1 ‘.‘
DECOMPOSITION 0.8 L L Q. Tyt

10* 510* 10°

We established experimentally that the block copolymer
is homogeneously distributed in the one-phase region. How-
ever, as spinodal decomposition proceeds, and the concent
tion of the coexisting phases begin to diverge, the possibilityje
of preferential segregation of the block copolymer at the in-efer to blend A20.

Time (minutes)

IF G. 15. The dependence bf, andq,, on time plotted in log—log format.
e solid lines represent scaling predictions for the late stage of spinodal
compositior{Ref. 60. Solid symbols refer to blend A0 and open symbols

Downloaded-01-Mar-2011-t0~129.6.123.112.~Redistribufiofr 16 deiio - X HeBn Mo - L APk L3 -http://jcp.aip.org/about/rights_and_permissions



1968 Lin et al.: Spinodal decomposition in multicomponent blends

500 L B e 102 TR B LALL B R AL B B
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300 . - SANS @ 1
o © ] q
I 200f : ™ 10" | E
2 2 o ] mYy [ ]
(em ™) 100 F o ] (hm™) [ Copolymer Content ]
F K . I o 0% .
or % - 20%
o e SALS
PR S W I IR T U T T T N VOO N WO T N W W T S 1 100 T RTITT BN E R T BRI R TTIT BT R AR T 11| B A R w v i1
000 001 002 003 004 005 006 10° 10! 107 10° 10* 10°
(a) qA™) Time (minutes)
6 [T T FIG. 17. A plot ofq,, vs time, summarizing the evolution of structure in
:\\ ] blends AO(circles and A20(squaresover five decades of real time.
5 :‘ o o —:
4 :_ %) [ ‘;:@:%&% b _: st H “ ”
I X ‘2% W | %03%5"%@%@; E sition. However, more appropriate measures of the “rate” of
em™) 3 - ) ol 1 spinodal decomposition arf@) value of the Onsager coeffi-

: 3 cient during the early stage, arid) the time taken for the
zF E sample to enter the late stage of spinodal decomposition. On
| 2 3 the basis of these criteria, we conclude that the addition of

: sy ] block copolymer leads to asccelerationof spinodal decom-
YT FEUEE FEEEE PSR EE NI L a2 position.

0.00 0.02 0.04 0.06 0.08

@&y Direct evidence for uniform distribution of block co-
q polymer in the late stages of spinodal decomposition is given
FIG. 16. () Absolute SANS intensity from blends A10 and B10 approxi- IN Figs. 16a) and 1@b). In Fig. 16a we compare absolute
mately 1.5 months after quenching from the single-phase to the two-phasE ANS intensities from blends A10 and B10. These are PM-
region. In blend A10, the homopolymer PBlis deuterated and the large B/PE-B/PM-PE blends; the homopolymer PBlis deuter-

forward scattering is typical of phase separated samples. In blend B10, th . . .
block copolymer PM-PE is deuterated and the scattering intensity is consiu§ted in A10, while the block copolymer PM-PE is deuterated

erably reduced suggesting a lack of heterogeneity in the distribution ofn B10. These data were taken 15 weeks after quenching
PM-PE.(b) The SANS intensity from B10 is comparedltg,, for B10,and  from the single phase region. The samples were turbid, and
the near-quantitative agreement betwégn,and SANS measurements con- the |ight scattering signals from both samples were similar. A
firms the lack of heterogeneity in the distribution of PM-PE. Inset: excess__ . . R . .
scattering functionE(q), (cm ), for B10. spinodal ring, indicating a phase size of about a micron, was
evident. However, the SANS intensities from the two
samples are in sharp contrast, as demonstrated in Fig). 16
in the multicomponent blen@A20) are similar to those in the The large scattering intensity in the forward direction in A10
binary blend(A0). The phase size obtained from the block is typical of phase separated samples. This suggests that the
copolymer containing blendA20) is smaller than that ob- distribution of homopolymer PMB (the labeled specigss
tained from the binary blen¢A0) at all times—Figs. 8, 12, nonuniform, especially at relatively large length scales
and 15. Thus in a limited sense, one could argue that thé>500 A). On the other hand, the small scattering intensity

addition of block copolymer slows down spinodal decompo-in the forward direction in B10 is atypical of phase separated

(b)

TABLE V. Parameters used for calculation Igig) of single-phase blends using RPA.

dPM-dPE (hPM-hPE?
Parameter at

27°C hPM-A dPM-A hPM-B dPM-B hPEA dPEA hPEB dPEB PM block PE block
N; 1105 1105 2465 2465 525 525 2630 2630 (300 300(300
vi (AY 136.4 136.2 136.4 136.2 162.0 161.8 162.0 161.8 138629 161.8162.0
Ii (A) 8.19 8.19 8.26 8.26 7.93 7.93 7.60 7.60 881929 7.937.93
b;x10° (A) —4.15 5.33 —4.15 5.95 —4.98 6.14 —4.98 5.91 3.07—4.19 3.65—-4.98

x parameters betweadPM andhPE are calculated according to EG).

xhPM/dPE=1.85x10"2 at 27°C(independent of molecular weight

other y parameters at 170°C

XhPMMPE andydPM/dPE=6.0x10* (independent of molecular weight

XhPM-A/dPM-A=7.8X10 ° yhPM-B/dPM-B=1.5X10"* yhPE-A/dPEA=9.6x10"® yhPEB/dPEB=1.6x10°
all ¥ parameters based on a reference volume of 148.6 A

#The characterization data bPM-hPE are shown in the parentheses.
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1.0 g structure(largerq,,) over the entire time window. This may
3 E be used as a “compatibilization” effect. We, however, estab-
2 3 lished that the block copolymer was uniformly distributed in
0.9 3 E the sample and not located preferentially at the interface.
~, F E This is not what is usually observed in mixtures of two ho-
§ 08 E Binder  J mopolymers and a block copolynf®&rThe early stages of
4 3 E spinodal decomposition, captured by time resolved SANS,
: 3 were in qualitative agreement with the predictions of de
0.7 3 Pincus 3 Gennes, Pincus, and Binder. The coarsening characteristics
- 3 in the blends with and without copolymer were found to be
0.6E|...|....|....|....|....|....E similar.
10 1.5 20 25 30 35 40
X/,
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Appendix A, with all y parameters set to zero. The absolutedurin the SANS experiments
SANS intensity obtained from blend B10 is in very good g P '
agreement with this calculation. Consequently, the excess
scattering functionE(q), is nearly zero at alf| [see insetin APPENDIX A: PARAMETERS USED FOR
Fig. 160)]. Note thatE(q) for a phase separated sample is MULTICOMPONENT RPA CALCULATIONS
well defined; any mixture of polymers is single phase when

In Table V we list the parameters at 27 °C used for mul-
all y parameters are zero and thiyg,(q) can be computed

i"a RPA. Fi ® id o » ; ticomponent RPA calculation. Procedures used here are simi-
using . Figure 1) providesquantitativeevidence for lar to those given in Ref. 28. We define the PM monomer to

the absence of block copolymer concentration fluctuationsD : :
. . e a GH;, unit and the PE monomer to be unit. The
Thus 15 weeks after quenching, we find that the block co- GHao AG,

scattering lengthdy, , and chain lengths\l; , were estimated
polymer chains are uniformly distributed in the sample. g lengthd gths

from characterization data. The monomer volumegs,were

Based on very general arguments, Rice and Cahn h"’“’(,ealculated from densities and thermal expansion coefficients,

have_s_hown that any third co_mponer_lt that lowers the p_h_asgi , of the homopolymers. The values bf were obtained
transition temperature of a binary mixture must, at equilib-

. ) ) .~ form SANS experiments on 50/50 PM/d PM and h PE/
rium, be present in excess at the interface between coexisti

. . PPE mixtures.
phase$®®’ Based on these works, one expects interfacia The temperature dependence wf is assumed to be
segregation of block copolymer in any phase separated mi?iven by P P ?
ture of two homopolymers and a block copolymer. Perhap
we were unable to detect this because the surface excess in vi=vj o exp(—a;(T—300)), (A1)
PM-B/PEB/PM-PE mixtures is not very large. On the other oo v, o is v, at 300 K. The temperature coefficients
hand, it is possible that the surface excess may increase Eﬂi/dTaré 7.0¢10~* (K% and 6.5¢10 % (K %) for PM and
detectable levels at a later stage., after 15 weeks PE segments, respectively.

CONCLUDING REMARKS APPENDIX B: THE EFFECT OF A NONLOCAL
The spinodal decomposition of multicomponent, modelONSAGER COEFFICIENT ON g

polyolefin - mixtures—polymethylbutylene, polyethylbutyl- Pincus and Binder arrive at the following equations for
ene, and polymethylbutyleri#ockpolyethylbutylene—has b |ocation of the scattering maximum in the early stages of
been investigated following relatively deep quenches into th%pinodal decompositiom, ., by accounting for the nonlocal

spinodal region(x/xs range from 1.7 to 24 The evolution g_e_, q dependentnature of the Onsager coefficight:
of the coexisting phases was studied by a combination o

neutron and light scattering experiments. The dependence of 4 _ o-x
the scattering maximum on time was monitored over 5 de-
cades of real time. The results are summarized in Fig. 17. We
find that the addition of block copolymer leads to a finerand

+e X(1—x/xs+x/3)=0 Pincus (B1)
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X2

+e *(x+1)—1=0 Binder, (B2)

2x1xs
where x=q2,NI%/6 (see Appendix C for definitions dfl
andl). In the limit x/xs—1, q,,0 Obtained from EqsB1) and
(B2) reduce tag,,,o given by the Cahn theojEq. (14)]. The
function s(x/x) is defined as ratio ofj,, given by Eqgs.
(B1) and (B2) t0 Quno-cann In Fig. 18 we plots(x/xs) Vs
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