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Does coarsening begin during the initial stages of spinodal decomposition?
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The initial stages of spinodal decomposition were studied by subjecting a critical blend of model
polyolefins to a pressure quench and monitoring the evolution by time-resolved small angle neutron
scattering. Contrary to the predictions of the widely accepted Cahn—Hilliard—Cook theory, we
demonstrate that coarsening of the phase-separated structure begins immediately after the quench
and occurs throughout the initial stages of spinodal decompositio20@ American Institute of
Physics[DOI: 10.1063/1.1905584

INTRODUCTION acterized using the methods described in Ref. 13. The num-
bers of repeat units per chain in the two components were
determined to bé&yppe=2806 andN;pgs=2535(at ambient
T andP, and based on a 100%Aepeat unit which is the basis
for all of the parameters reported hgrthe average number
during phase separatiai is the scattering vector andis of deuterium atoms, for every five carbon atomsdiMB,
time). 1(q,t) was found to increase with time but only for was 4.5. The radii of gyratiotR,) O].c both_c_iPMB anth_E_B
scattérin : vectors less than a critical scattering vegtor chains are 14:1 nrft. A plend with critical composition

9 g Vear | sed on the Flory—Huggins thed#7 8 dPMB volume frac-

This indicates the presence of a lower cutoff for the Iengt.h[ion $=0.493, was studied by time-resolved small-angle
scale of the emerging phase-separated structure. In addition

1(q,1) contains a time-independent peakgat,,, indicatin neutron scatteringSANS). We report the azimuthally aver-
q: . P P G ng aged absolute SANS intensifgfter corrections for the back-
that the emerging structure is periodic and characterized by

dominant length scale,,=2m/q,,. In the linearized theory, 8round and empty cell scatteripgl, as a function of

. g ) . =4 si 2 is th i I h

this length scale is independent of time. At later times theq [g=4m sin(6/ )/)\’. H.IS € scattering angle an, t.e
. . . wavelength of the incident neutrons, was 1.2]netails

structure coarsens due to effects, such as interfacial tension

and hydrodynamics, which are not included in the Iinearizedregalrding the instrument configurations 3”9 data reduction
theory12 ' procedures are similar to our previous studies.

Many aspects of published experimental data obtained
during the initial stages of phase separatidhare in quan- RESULTS AND DISCUSSION
titative agreement with the linearized thedryHowever, the

important question of whether or not the periodic structurethe dPMB andhPEB polymers used in this study have been

obtained during the initial stages of phase separation Ca{horoughly investigated®” In Fig. 1 we show the phase
emerge without coarsening has, to our knowledge, not beetg . '

. . ehavior of our critical blend using a temperature—pressure
adequately addressed experimentally. In particular, we wer{ar_P) phase diagram. The curve shows the Flory—Huggins
unable to find any experimental data set whergjrobtained

during th v st f spinodal d 't' nd eprediction for the variation of the critical temperature with
uring the early stages ot spinodal decomposition was in pressure. SANS data obtained from blends above the critical
pendent of timgwithin experimental errgr In this paper we

) . - curve were independent of tim@fter an initial relaxation
present experimental data that provides a definitive answer t&ocess due to the finite time that is required for dense poly-
the question posed in the title of the paper.

mer samples to respond to changes in temperature and
pressurég). The circles in Fig. 1 show the locations where
EXPERIMENT I(g=0) obtained in the one-phase region diverges, based on
) ) extrapolations of the measuredllq=0) versus 1T data at
Our system is a binary blend composed of two nearly<ixed pressuré® The agreement between thedourve and
monodisperse high-molecular-weight liquid homopolymers:ayperiment(circles in Fig. 1 indicates a thorough under-
partially deuterated polymethylbutylen@PMB) and hy-  gtanding of the equilibrium properties of our blend. The
drogenous polyethylbutylenéPEB), synthesized and char- plend was homogenized at the start of each experiment by
heating to 115 °C an#=0.03 kbar. The blend was cooled
dElectronic mail: nbalsara@berkeley.edu under isobaric conditions to 67.5 °C and then subjected to an

Our understanding of spinodal decomposition in critical
binary mixture$™? rests on a landmark publication by
Cahn! In this paper, the linearized diffusion equation was
solved to obtain the evolution of scattering intendity, t)

The equilibrium thermodynamic properties of blends of
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solid curve is the CHC fit through the data. Inset shows early time results for
FIG. 1. T-P phase diagram of a critica@PMB/hPEB blend calculated by  the same quench.
the Flory—Huggins theorycurve. Circles: experimentally determined criti-
cal points. Squares: location of experimental quenches.

the limitst— 0 andt— o, respectively, andR(q) is a kinetic

parameter that is related to the growihR(q) is positiveg or

i_sothermal pressure quench to Iocatio.ns indicated py thﬁecay[if R(q) is negativé of 14(g) towardsl(q). The curves
filled squares in Fig. 1. The SANS profiles were monitored;,, Fig. 2 are examples of the CHC fits through tRe

throughout the quenching process. In all cases, no evidence| 54 ypar data withlo(q), I(q), and R(q) as fitting

of phase separation was ob;erved prior to thg pressur&drameteré‘? It is clear that the time dependenceld,t) is
quench(t=07). We thus define time zer@=0) as the time at 0| described by the CHC theory for all scattering vectors.
which the pressure quench was initiated. Similar agreement was seen at other quench depths.

Typical I(qjt) data obtaingd ‘?'U””Q the initial stages of Data showing the time dependence of the SANS inten-
phase separation are shown in Fig. 2 where the Symbols reRyy 4t 4 particular scattering vector are shown in Fig. 3 for a
resent the data obtained Bt=1.24 kbar and selected times. quench toP=2.48 kbar andq=0.051 nm®. The curve in

As expected, the data in Fig. 2 show the emergence of thejq 3 ghows the CHC fit through the data. There is a smal

spinodal pealé. The well-established Cahn-Hilliard-Cook, ¢ sy stematic deviation between the CHC fit and the early
(CHC) theory** provides a unified approach for interpreting e data, seen more clearly in the inset of Fig. 3. However,

I(g,t) data obtained after quenching the sample in the viciny; is clear from Figs. 2 and 3 that the CHC fits capture the
ity of the critical point. essential features of the data. We thus focus on the qualita-
1(a,t) = I+(q) + [lo(@) ~ I+(q) Jexd 2R(q)t], (1)  tive behavior of the fitted parametetg(q), I+(q), andR(q).

The 11(g), R(g), and ly(q) data for different quench
where lo(g) is the initial scattering intensity function and depths are presented in Figga¥ 4(b), and 4c), respec-
I+(g) is the terminal scattering intensity function, obtained intively. For theP=0.83 kbar quench, we obtain positive val-

ues forly(q) andI+(g) and negative values fdR(q) at all
1.24 kbar accessibleq values. This is the expected behavior for
100000 ¢ . —— - guenches within the one-phase reg’rSMore interesting be-

E 0 min havior is seen for the other quenches located within the two-
g;ﬂrj;n ] phase regiorfFig. 1). In the inset of Fig. &) we show the
62mn | full range of I1(q) obtained atP=1.24 kbar. We find that
101 min |3 I+(g) is a positive, monotonically decreasing function gpf
_éﬁ%@ﬂs ] for largeq, a negative, monotonically decreasing function of

T g for small g, and that these regimes are separated by a
E singularity (pole) in I+(g) at g=0.028 nm?. Similar singu-
] larities were obtained for all of the quenches within the two-
. phase region as shown in Figa4 This singularity inl+(q)
4 is an unambiguous signature qf > In Fig. 4(b) we see the
second unambiguous signaturegef R(g) — 0 atq, the scat-
tering vector corresponding to the singularity lif(q). For
10 [ . o g>9. R(q)<0 [R(g) for all quenches exce®=2.48 kbar
0.01 0.10 have been truncated by tiRéq) axis scalé'] whereas for
q (nm‘1) <., R(q) is a positive, peaked function that decays to zero

FIG. 2. SANS intensity vs| at selected times during the 1.24 kbar quench. POth atq.ZQC and atq=0 (theoretically.
The solid curves represent CHC fits. In Fig. 4(c) we show ly(q) versusq for all of the
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FIG. 4. CHC fitting parameters for all five quenches, the open symbols
represent two-phase quenchés.l+(q) vs g. (b) R(q) vs g. (c) 14(q) vs q,
including 1(q,t=0) from Fig. 2 for reference. Inset i) shows the full

range ofl+(q)

guenches and includgq,t=0) from Fig. 2 for reference.
Since all of the quenches start &=0.03 kbar andT
=67.5 °C, in theoryl4(g) must be within experimental error
of 1(gq,t=0). For the quench into the one-phase regi®h
=0.83 kbaj, we find an excellent agreement betwdg(q)

vs g for P=1.24 kbar.
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FIG. 5. Quench depth dependence of the normalized critical scattering vec-

tor, gcRy, shown as[chg]2 vs x(T,P)/x.(P). The solid line represents the
theoretical prediction of the CHC theory.

1.25

and I(q,t=0). At larger quench depth, we see an excellent
agreement betwedg(q) andl(q,t=0) in the low and highg
limits. However, systematic departures betwdgfy) and
I(g,t=0) are seen at intermediatpvalues. This is a reflec-
tion of the fact that the CHC theory is unable to accurately
capture the full time dependence of the SANS profiles during
the initial stages of spinodal decompositi¢gg., inset of
Fig. 3. It is worth noting, however, that the deviation be-
tween lo(q) and I(q,t=0) is relatively small, maximum
~600 cmt for P=2.48 kbar andj=0.051 nm?, the condi-
tions depicted in Fig. 3. This is comparable in magnitude to
the uncertainty in our estimate &f(q), which we assume to
be the standard deviation between the scattering data and the
CHC fits, 500 cm’ for the data set in Fig. 3.

According to the CHC theory, the variation gf with
guench depth for a critical polymer blend, is given by

[chg]2 =3[ X(T,P)/x(P) - 1], (2

where x(T,P) is the value of the Flory—Huggins interaction
parameter at the quench conditions antP) is the value of

the Flory—Huggins interaction parameter at the critical point
for the quench pressu?é.ln Fig. 5 we compare the experi-
mentally determined quench depth dependenceg, ¢based

on I+(g) andR(q) data given in Figs. @) and 4b), respec-
tively] with theoretical predictions by pIottir{quRg]2 versus
x(T,P)/x.(P). The agreement between theory and experi-
ment is excellent, especially when one considers the fact that
this agreement is obtained without any adjustable param-
eters.

The agreement between the data and the CHC theory
seen in Figs. 2, 3, and 5 leaves no doubt that the data pre-
sented here were acquired during the initial stages of spin-
odal decomposition. We are thus poised to answer the ques-
tion posed in the title. Thé&(g) data obtained in the vicinity

of the spinodal peaKe.g., Fig. 2 were fit to a quadratic
function of g and the locations of the peaks thus obtained,
dm are shown in Fig. 6. The scattering profiles for
<14 min did not contain peaks and are thus not represented
in Fig. 6. We find that for all quenches in the two-phase

Downloaded 25 Jul 2006 to 129.6.122.161. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



214903-4 T. J. Rappl and N. P. Balsara J. Chem. Phys. 122, 214903 (2005)

0.05 T ] ACKNOWLEDGMENTS
1 © 1.24 kbar|]
S . 0 Jeoar Acknowledgment is made to the donors of The Petro-
i “A%A A 248 kbar |1 leum Research Fund, administered by the ACS, and the De-
0.04 F %0 o Son,, h partment of EnergyPolymer Program of the Materials Sci-
e [ 00% “AAA ences Division of Lawrence Berkeley National Laborajory
E - <><><><><> Y " ] for support of this research. We acknowledge the support of
e Cog 5 <><><><><> 284 pnl the National Institute of Standards and Technology, U.S. De-
d 0.03 3 o Hog O %006 N _ partment of Commerce, in providing the facilities used in
1t o Hon Conog . 1 this work. This work utilized facilities supported in part by
L cCgp ] the National Science Foundation under Agreement No.
[ 00q o006 %o ] DMR-9986442. Certain commercial equipment, instruments,
i 00 Cooog o or materials(or suppliers or softwajeare identified in this
L — paper to foster understanding. Such identification does not
0 50 . 100. 150 200 imply recommendation or endorsement by the National In-
time (min) stitute of Standards and Technology, nor does it imply that

FIG. 6. SANS peak positiog,, vs time for the quenches into the two-phase the 'materlals or equipment identified are necessarily the best
region. The typical uncertainty iq,, is shown. available for the purpose.

region, g,, is a monotonically decreasing function of time ;J- W. Cahn, J. Chem. Phyd42, 93 (1965.

throughout our experimental time windéw?* The decrease - E: Cook, Acta Metall.18, 297(1970.

. - . . K. Binder, J. Chem. Phys79, 6387(1983.

”’? Om is also evujent when the raw SANS data are eXamm(:"d“P. G. de Genne$caling Concepts in Polymer Physi@ornell University
visually (e.g., Fig. 2. We expect departures between the press, ithaca, NY, 1979

CHC theory and experiment because the theory does notG. R. Strobl, Macromoleculeg8, 558 (1985.

account for the time dependence Gprﬁ The lack of agree- 5w 1. Goldburg, C.-H. Shaw, J. S. Huang, and M. S. Pilant, J. Chem. Phys.

; . . 484(1978.
ment betweerly(q) and 1(q,t=0) [Fig. 3 (insey and Fig. 73%0. Wc()ngg z?nd C. M. Knobler, J. Chem. Phyg9, 725 (1978.

4(C)], and the lack of a well-defined peak mq) [Flg 4(b)] 8\. Okada and C. C. Han, J. Chem. Phys, 5317(1986.
are examples of such departu?é@ne expects a linearized °F. s. Bates and P. Wiltzius, J. Chem. Ph@d, 3258(1989.
theory to apply when changes in the dependent variabIéjD- Schwahn, S. Janssen, and T. Springer, J. Chem. FXy8775(1992.
(scattering intensity in this casare small. This may be the Téig”(’g'ég' Hasegawa, T. Hashimoto, and C. C. Han, J. Chem. Bigys.
reason for thg appllcgpll!ty of the CHC theory in the vicinity 12" Siggia, Phys. Rev. 20, 595 (1979.
of g, but not in the vicinity ofqy, 13\, P. Balsara, S. V. Jonnalagadda, C. C. Lin, C. C. Han, and R. Krish-
The answer to the question “Does coarsening begin durl-4namoorti, J. Chem. Phy€9, 10011(1993.
ing the initial stages of spinodal decomposition?” is thus A1.9J4.])Staverman and J. H. Van Anten, Recl. Trav. Chim. Pays-@Bhs6
ves. ) _ P.J. Flory, J. Chem. Phy<.0, 51 (1942.
We.are not aware.of any experimental data set that is ay | Huggins, J. Phys. Cher6, 151 (1942.
odds with this conclusion. In most cases, e.g., Refs. 6, 7, antN. P. Balsara, T. J. Rappl, and A. A. Lefebvre, J. Polym. Sci., Part B:
9, the authors attribute their observation of decreagjptp 18solym- Phys.42, 1793(2004, and references therein.
their inability to access the initial stages of the phase sepa-": Féng: C. C. Han, M. Takenaka, and T. Hashimoto, Polyr8&r2729
ration. In Ref. 11 the authors argued that they had observed (1992 ; - e i
o : " g g Yy - ]g(q=0) was obtained by fitting 1(q) versus¢? to a line limited to
regime whereg,,, was time independent. However, their data 0.040<q<0.088 nm, the lowq regime for\=0.6 nm. See Ref. 17 for
[Fig. 3(a) in Ref. 11] show an initial increase ig,, with time ,Jmore details. ‘ _ ‘
followed by a short “plateau,” and then a decrease,inThe For each quench(q,t) was fit to the CHC equation for times<Ct
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author_s concluded that the initial InCreaseqi was due to =0.83, 1.24, 1.65, 2.07, and 2.48 kbar. The fitting results are insensitive to
an artifact of_thg quenching proceé}hey used temperature  the exact value of;,.
guenches to initiate phase separation as opposed to the présa Fig. 4(b) we have omitted the data f&(q) <—0.025 min’ because we
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22) . . o
he finite time that their sampl n lower nch Both x(T,P) and y.(P) are linear functions of pressure. F6r67.5 °C,
due to the te ime that their sample spent at lower quenc x! x.=0.127P(kban +0.885. See Ref. 17 for more details.

depths du”ng the thermal' qu_enCh' We argue that the ObzaMultiple scattering becomes important for long times, especially at higher
servedq, versust plateau is simply a crossover from the quench depth. However, as shown in Ref. 24, the valug,pfemains
artifact-dominated regime to a spinodal decomposition- unaffected.

. . . . . 24 : . :
dominated regime wherg,, is a monotonically decreasing .- A- Silas and E. W. Kaler, J. Colloid Interface S@7, 291(2003.
function of time In our discussion ofy(q), I1(q), andR(q), we have restricted our attention

. Lo to the qualitative features of these curves. In past analyses, e.g., Ref. 10,
In summary, we studied the initial stage of phase sepa- geviations in the measureig) and that predicted by the CHC theory are

ration in a critical blend of model polyolefins subjected to a attributed to they dependence of the Onsager coefficient. We have shown
pressure quench. We show that coarsening begins immedifhat in the present system, substantial deviations between theory and ex-

e periment arise due to coarsening. Quantitative comparison between the
ately after the quench and occurs throughout the initial stages_ .re d,(0). 1-(q), andR(g) and theory can only be made after theories

of spinodal decomposition. Our data suggest the need for aiat incorporate both coarsening agdiependent Onsager coefficient are
revised nonlinear theory. available.
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