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Effect of quench depth on grain structure in quiescently ordered
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Grain growth in a polystyrene—polyisoprene block copolymer melt is studied by time-resolved
depolarized light scattering after a quiescent quench from the disordered to the ordered state. At
shallow quench depths, classical nucleation and growth kinetics are observed. Grains comprising the
equilibrated ordered phase nucleate and grow by consuming the surrounding disordered phase. In
contrast, deep quenches result in the formation of disorganized grains with an average order
parameter that is well below the equilibrium value. Small angle neutron scattering and rheological
experiments were conducted to facilitate the interpretation of the light scattering data. We show that
the nonequilibrium grain structure formed during deep quenches is due to extremely high nucleation
density. Under these circumstances, the space required for the formation of equilibrated grains is
unavailable. ©2001 American Institute of Physic§DOI: 10.1063/1.1357796

I. INTRODUCTION netic factors that govern grain structure in a hexagonal liquid

crystal system. We study a polystyrene—polyisoprene block
Ordered crystalline and liquid crystalline phases formed y y . Y a polysy POISOp oy
in the absence of external fields contain numerous defetts. copolymer melt which forms an ordered phase consisting of

Coherent order is restricted to regions called grains. ManipuE)OIyISOprene cylinders arranged on a hexagonal lattice, em-

lating grain structure to obtain the desired material propertied€dded in a polystyrene matﬁxThe birefringence of or-

is common practice. Some applications require material§eéred block copolymeran (the difference in refractive in-
with high defect density while others require complete elimi-dex for light polarized parallel and perpendicular to the
nation of defects. The grain structure in a given sample igylinder axey is about 10“. The material is highly trans-
determined by processing history. Shallow quenches fronparent in both the ordered and disordered state and grain
the liquid state produce large grains while deep quenchefrmation can be conveniently studied by depolarized light
produce small grains. Coherent order can be suppresse@attering. We performed additional small angle neutron
completely if the cooling is rapid enough, resulting in vitri- scattering(SANS) and rheological experiments to facilitate
fic_ation or glass formation. A unified fr_amework fqr quanti- tne interpretation of the light scattering data.

fying '.[h?. prqceslses.that are responsmle for grain structure This paper is part of a series wherein block copolymer
and vitrification in different materials has not yet been de- rain structure is probed by depolarized light scattefrg.

veloped. This is because grain structure is determined by he present experimental svstem was desianed to cover a
complex interplay between thermodynamic and kinetic fac- P i P y . 9 ,
uch wider range of quenching conditions than the previous

tors. Consequently, processes leading to the desired gram ) )
structure are identified empirically. The mechanical proper£XPeriments. We found that changing the system led to new

ties of liquid crystalline grains are highly anisotropic; vis- and unexpected results. The main purpose of this paper is to
cous flow is obtained along the liquid axes while solidlike report these findings.
elasticity is obtained along the other axes. This attribute in-  The grain structure of block copolymers has been probed
troduces further complications in the relationship betweerby a variety of other technigues. The topology of defects
quenching conditions and grain structure. It is thus not sursuch as wedge and screw dislocations were studied by trans-
prising that many questions about the factors that controlission electron microscopgTEM).'>® A comparison of
grain structure in liquid crystals remain unresolved. _ grain structure determined by TEM and depolarized light
Our objective is to identify the thermodynamic and ki- g¢4itering has been conducfeBefect annihilation processes
in block copolymer thin films have been studied by direct
dauthor to whom correspondence should be addressed. Electronic mailmaging techniques such as atomic force microscopy
bgaretz@duke.poly.edu (AFM).*"~2In some systems, the grain structure can be in-

YAuthor to whom correspondence should be addressed. Electronic mai ; )
nbalsara@cchem.berkeley.edu ferred from ultra low angle x-ray scattering experimefits.
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II. MATERIALS, INSTRUMENTATION, AND DATA diode. The main beam was directed through a horizontal po-
ACQUISITION larizer, and a quarter-wave plate, which was used as a com-

A polystyrene—polyisoprene diblock copolymer was Pensator. The light emerging from the sample passed through

synthesized by anionic polymerization under high vacuum@n @nalyzer whose optic axis was perpendicular to the polar-

using methods described elsewh&rahe weight average 26" and was projected onto a screen. A charge coupled de-
molar masses of the polystyrene and polyisoprene block¥ce (CCD) camera equipped with a focusing lens was used
were determined to be 19.8 and 6.0 kg/mol, respectively, antp capture the two-dimensional scattering data projected onto
the polydispersity index of the copolymer was 1.07. We refethe screen. The scattering intensity was recorded as a func-
to this polymer as $20-6). The polymer characterization tion of scattering angle along 2 azimuthal angleg=0°
procedures are given in Ref. 21. About 0.5 wt. % BKET6-  andu=45° (see Fig. 1 Before each experiment, the sample
di-tert-butyl-4-methylphenglwas added to a benzene solu- was disordered by heating to 142 °C for 40 min, to ensure a
tion of the polymer to prevent oxidative degradation. Theuniform starting condition for all of the experiments. The
polymer was isolated by freeze-drying and stored in a freezeflepolarized light scattering signal in the disordered state was
at —11°C. measured, and taken to be the background signal. The
The order—disorder transition temperatufggpr, of  sample was then quenched into the ordered state and the
SI(20-6) was determined by the birefringence metffdd  depolarized light scattering intensity profiles were measured
and found to be 1381 °C. The volume fraction of polyiso- as a function of time. Time zerd £ 0) is defined as the time
prene in the block copolymer is 0.26. Based on extensiveit which the set point on the temperature controller was
characterization ~ of  polystyrene—polyisoprene  blockchanged. It took between 32 and 42 min for the sample tem-
copolymers;’ we expect the sample to have a cylindrical perature to reach within 1 °C of the final quench temperature;
microstructure at temperatures of interest, 116 °C—-132 °Ghe deepest quendii16 °O required 42 min while the shal-
The glass transition temperature of the polystyrene-rich mitgwest quencli130 °Q required 32 min. The time-dependent
crophase was measured by differential scanning calorimetriaep0|arized light scattering profiles were measured for a
experiments conducted on an ordered sample and determingglnimum of 3 ht= 180 min).
to be 78°C. The glass transition was seen more clearly dur-  patqils regarding the conversion of the raw data to de-

ing cooling than heating; both experiments were Cond“Cte%olarized scattering intensity(q, ) are very similar to
at 10 °C/min. Our studies on order formation were thus cony, < given in Ref. 11. The only difference is that the mea-

ducted well above the glass transition temperature of thgured intensity in the present experiments was normalized by

polystyrer_1e-r|ch m|cr_ophase. . the monitor photodiode signal to account for changes in the
The light scattering experiments were conducted on 1

mm thick S20-6 melts enclosed between optical flats. Themcident intensity. In s.ome.egperiments, the scattering signal
samples were made by placing the appropriate amount O%xceeded the saturatlgn I|.m|t of our cCh camera. In'sqch
polymer a1 a 1 mmthick optical flat. A black anodized alu- “35¢% @ neutral densﬁy fiter, Wlt.h a nomma_l fransmission
minum spacer with an inner diameter of 16 mm was placeé:oefflment of 0.1, wa_s introduced into the optical pgth with
around the polymer. The assembly comprising the spacewe help of a tra_nslat_lon stage, before_the beamsp_lltter. The
quartz disk, and polymer were heated to 150 °C in a Vacuunqeutral_depsny filter is not .shown .|n Flg._ 1 for cIarlty. Th_e
oven until a bubble-free polymer sample was obtained. Th@ormahzqﬂon of the scattering profiles using the monitor sig-
polymer was then capped by a second optical flat in nitrogeﬁ'a| described above accounts for the presence of the neutral
atmosphere and the cell was sealed with a high temperatufiensity filter and drifts in the laser intensity. In some ordered
glue. samples we found a bright central spot that could not be
The depolarized light scattering experiments were con€Xtinguished by rotating the compensator and polarizers. The
ducted on a homebuilt apparatus described in Ref. 11. ARright spot may be due to nonrandomness in the grain orga-
schematic of the light scattering experiment is shown in Fighization or residual stresses due to the solidlike character of
1. A beam of light from a 15 mW He—Ne laser with  the ordered phase. In cases where a bright spot was obtained,
=633 nm was used as the source. A beamsplitter was used toe scattering signal within the bright spot was ignored. The
direct a small portior{5%) of the laser output onto a photo- depolarized light scattering intensityalong x=0° and 45°
diode. The photodiode reading was used to monitor changeds reported as a function of the scattering vectpr([q
in the incident beam; we refer to this as the monitor photo= 4 sin(6/2)/\, where@ is the scattering angle andis the
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wavelength of the incident light begmafter monitor and point inside a grain with optic axis along a unit vectpra
background corrections. vector R emanating from that point lies entirely within that
The scattering data from a finite collection of grains con-grain. We assume that this probability distributioR,qg) is
tains speckles due to constructive and destructive interfemf the Gaussian-ellipsoidal form,
ence from particular pairs of widely separated grains. The 1/aR F{ 1(b'Rﬂ
expg— 5| —
2\ w

2
scattering equations that we will develop in the next section C(R,g)zexp{ — =
cally equivalent samples. In systems with rapid dynamics [{ 1(g,R)T

X ex |

apply to averages over such speckled patterns from statisti- 2
(e.g., dilute polymer solutionsone can obtain averaged data Al
by time averaging. However, the dynamical processes in or-
dered block copolymers are extremely slow. In suchwhere{g,a,b} are an orthogonal set of unit vectors. The char-
samples, one can obtain averages by translating or rotatirgcteristic lengths of the ellipsoidal grains in the directions
the sample. However, we found that the grain structure irparallel and perpendicular to the optic axis amndw, re-
our samples is affected by motion, presumably due to thepectively. The scattering profilel{,q, «) for such a system
flow-aligning character of block copolymers. We thus obtainalong thexw=0° and 45° directions is given by

averaged (g,u) by averaging the measured scattering data

@

in four adjacent pixels in the CCD camera, along the speci- 1(9,0%)=1o[C(q) +D(a)] 2
fied directionu. and

SANS experiments were conducted on the NG3 beam- o B
line at the National Institute of Standards and Technology in 1(0,45%)=1o[C(q)=D(a)l, &)

Gaithersburg, Maryland, using the following configuration: where
neutron wavelengthh=6.0A, wavelength spreadA\/\ 15 202\ [
=0.15, sample-to-detector distarcé m, sample aperture c(q)= —exp( _aw )J da sir® o
=0.635cm, source-to-sample distarc®247 m, and source 16 2 0

size=5.0 cm. The scattering data were collected using a two-

dimensional detector, corrected for background scattering, xexi = Ble) I mol Ale)] @
empty cell scattering, and detector sensitivity. We report theind

azimuthally averaged scattering intensity as a functiouw of 15 w2 [

(same definition as above except thas the wavelength of D(q)=— —eXF< — ) f da sir® o

the incident neutron beamThe raw data were converted to 16 2 0

absolute coherent scattering intenslty,ng(q), using meth- x extf — B(a) ]l mal B()], (5)

ods and secondary standards described in Ref. 21.
Rheological measurements were conducted on an ARES(a) = (q%%/4)[1—w?/1%]sir? a, |; is the modified Bessel

instrument built by Rheometrics Scientific in a dry nitrogen function of orderj, and

environment, using 25 mm diam parallel plate fixtures, and a _ 2021 4 2

transducer with a dynamic range between 200 and 0.2 gcm. lo=Ke(AM Wi $=Kc(AM v ¢, ©

The location of the point of contact between the parallewhere K, is an instrumental constant, and=w?l is the

plates was noted. The lower plate was detachetl3g of  characteristic grain volume. The 15/16 factor in E@$.and

the polymer was placed on the plate. A retaining ring around5) ensures that ligr.qo C(q)=1 [note that lim_,D(q)

the plate was used to keep the polymer from flowing off the=0]. In previous papers:**this constant was absorbed into

plate. The assembly of the lower plate, retaining ring, andhe definition ofK..

polymer were placed in a vacuum oven at 150°C until a  For isotropic grainsl(=w), D(q)=0 [see Eq(5)], and

bubble-free sample was obtained. After cooling to room temEgs.(2)—(4) reduce to a simple expression ¢, u) that is

perature, the lower plate with the polymer sample was reathdependent ofx,

tached to the rheometer. The upper plate was then lowered at

150 °C in the ARES oven under dry nitrogen to yield a 1.5 I(q)=|0ex;< —

mm thick sample.

2\02

w
2

) for I=w only. (7

Ill. THEORETICAL MODEL FOR INTERPRETATION OF V. EFFECT OF QUENCH TEMPERATURE ON GRAIN
DEPOLARIZED LIGHT SCATTERING DATA STRUCTURE

We provide a brief summary of the equations that de- A series of depolarized light scattering experiments were
scribe depolarized light scattering from ordered block co-conducted where the sample was quenched from the disor-
polymers. The model used in this work was developed irdered state to the ordered state. Each experiment was started
Ref. 14. We assume that the sample is composed of rary heating the sample to 142 °C, which is well above the
domly oriented ordered grains coexisting with disordered reorder—disorder transition temperature for 40 min, followed
gions. The volume fraction of the ordered grainspisEach by a quench to a predetermined temperaiune the ordered
grain is a birefringent, uniaxial crystal with optic axis paral- state. The results of these experiments are shown in Fig. 2
lel to the cylinder axis. The scattered field from this collec-where we show the depolarized light scattering intensity ob-
tion of grains is determined by the probability that given atained alongu=45°. In Fig. 2a) we show results obtained
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FIG. 2. Time dependent depolarized light scattering profiles along.thd5° direction after quenching from the disordered state to various temperatures
below the order—disorder transition temperat@el32 °C. At this temperature we see no signs of the order formation and the uncorrected raw scattering data
att=420 min are indistinguishable from that obtained in the disordered state prior to the quench. At all other quench temperatures we report the scatterin

intensity, I, after background and monitor correctigsse text for details (b) 130 °C,(c) 128 °C,(d) 126 °C,(e) 124 °C,(f) 122 °C,(g) 120 °C,(h) 118 °C,
(i) 116 °C.

Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



10200  J. Chem. Phys., Vol. 114, No. 22, 8 June 2001 Kim et al.

(8) 120°C (h) 118°C
14 LN LI O L B ELELELE BN NLELELE BLELELES BLALALE B 8o—1T——r—r— 1T
©  50min - 1
h _ 7 o 50min 3
12 : ?gg::n 1 A 120min | ]
10 = 110min | 6 ©  140min |
; v 130min | ] = 150min | 3
g N + 150min | ] 5 v t6omin | 3
I & 170min | - ¢ 170min |
: Y 200min I 4 a  200min |
6 o 230min | ] v 230min | ]
e 260min | 1 3 O 260min | o
4 ] e 290min | ]
, ] 2
2 4 1 z
&0 OO Y 3 g, 0 Y X ' ,',:- ]
00 04 08 12 L6 20 00 04 08 12 16 20
q(um™) q(um 1)
() 116°C
1'0 L LELAELE IS LA IR S AL R B LA LA L B
! o 50min
4 60min
©  80min
L m 90min ]
0.5 9 100min | 7]
i ¢ 110min | ] FIG. 2. (Continued).
1 4 120min
v 150min
L O 180min | -
0.0 [ e  200min | ]
_0.5 L 1 1 Fo [P | 1 i 1 i
0.0 0.4 0.8 1.2 1.6 2.0

at T=132°C which is just beloW 5pr. We show raw scat- seen in Figs. @)—2(i). However, the magnitude of the inten-
tering intensity obtained at=0 which is the background sity obtained at the end of the experimet#=Q00 min) is a
signal, as well as data obtainedtat300 and 420 min. Itis sensitive function of quench temperature. Changing the
evident that there is no measurable change in the depolarizefliench temperature from 130 °C to 116 °C leads to a mono-
light scattering signal after quenching to 132°C. We con-gnic reduction inl, from 2000 to 0.7. The fact that the
clude that the thermodynamic driving force for order forma-gepolarized light scattering signatures of order formation get
tion at 132°C is too weak and we thus do not see any eViyeaker with increasing quench depth is somewhat surpris-

dence of order formation on the experimental time scale. Atng. At a quench temperature of 116 °C, the magnitude of the
dramatic difference is found when the sample is quenched tgignal is comparable to the magnitude of the n¢&6 units

130 °C; see Fig. @). At this quench temperatu@nd most at all stages of the experimefsee Fig. @)]. This is an

other temperatures discussed in this pagée signal iswell . = ° :
above the background. From this point forward we only dis_|nd|cat|on of extremely poor order. The data obtained at the

cussl(q,u) after monitor and background corrections WereSha"m’YeSt and deepest quenches are thus quite sfrodar-
made(see Sec. )l At T=130°C, the signal increases above Pare Figs. 22 and 2i)]. S

the background at=65min and then continues to increase A\ all times (when the scattering signal was well above
rapidly [Fig. 2b)]. The scattering intensity ai=0 reaches the backgroung the profiles obtained at quench tempera-
2000 units att=230 min when the experiment was termi- tures between 130 and 124 °C exhibited fourfold symmetry.
nated. Note that the incident beam is not masked andithus Typical scattering data is shown in Fig. 3 where we show the
(I atg=0) is obtained without resorting to extrapolation. We raw data recorded on the CCD camerat at200 min after

see clear signatures of the ordering process 3 °C b&lgyy  quench from the disordered state to 128 °C. Figure 3 shows
[Fig. 2(b)] but not 1 °C belowT op7 [Fig. 2@)]. Similar sig-  the two-dimensional data corresponding to the last data set
natures were seen at lower quench temperatures as can &lgown in Fig. 2c). The fourfold symmetry of the scattering
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FIG. 3. Typical two-dimensional light scattering profiles obtained after shal- [ ®e® " theory p=45°
low guenches. Data obtainedtat 200 min after quenching from the disor- 20 . o a5 3
dered state to 128 °CTpr=133%1 °C). The center of the main beam is L A © u=o? ]
i ; —0° — AE° [ ©
located at the junction of the=0° andu=45° rays. I 15[ %&% 1
. o . 10 | ]
pattern is clearly seen in Fig. 3. The scattering profilep ;
along u=0° and 45°, obtained from the two-dimensional 05 L ]
data shown in Fig. 3, are shown in Figajt It is evident that : o e ',.’
[(g,w=45°) is slightly larger thari(q,«=0°) in the range 0.0 L— L2 O ) ]
0.05um 1<qg<0.25um ! range. Atg<0.05um?, i.e., as 0 02 04 06 03 1 12
g—0, the scattering intensity is independent af This is q(um™)

consistent with Maxwell’'s equations, which require the elec- o o _ . o
tric field in the detector plane to be continuous at all points FIG. 4. Depolarized light scattering intensity alopg-0° and 45° direc-
- . o tions vs scattering vectar. The data were obtained after quenching from the

At g>0.25um™! the scattering intensity is comparable t0 disordered state to 128 °C. The curves are theoreticdHis.(2)—(5)] with
the background signalthe background is isotropic The I, w, andl, as adjustable parametets) t=200 min, (b) t="55 min.
dashed and solid curves in Figa# are fits of Eqs(2) and
(3) through thew=0° and 45° data, respectively, withw, captures the essential features of our data. We analyzed all of
and |, as adjustable parameters. The theoretical scatterintpe data obtained at quench temperatures between 130 and
curves were computed over a wide rangel,ofv, and |, 124 °C using the ellipsoidal grain model because all of the
values. The sum of the square of the deviation between théata in this temperature range exhibited fourfold symmetry.
theoretical and experiment scattering intensit))? over  Most of the|Al|/l, values were in the 0.1-0.01 range; the
the entire range off and . were computed for each combi- only exceptions were the first recorded data set which, some-
nation ofl, w, andl,. The combinations that gave the small- times gaveAl|/l, as high as 0.2. It is important to recognize
est average value diA1|/I, are reported in this paper. The that the grain structure of quiescently quenched block co-
theoretical curves in Fig.(4) correspond td=17.3um, w polymers is extremely complex. Coherent order is inter-
=6.9um, and |,=1430, and the corresponding averagerupted by a variety of point, line, wall, and continuoisx-
value of |Al|/1, is 0.013. ture) defects. The values of and w obtained from the

The deviation between theory and experimeut (/1) analysis of the light scattering data should be interpreted as
decreased as the disorder-to-order transition progressed. that average lengths over which coherence is obtained in the
Fig. 4b) we show data obtained at early times ( directions parallel and perpendicular to the optic axes, re-
=55min). The curves in Fig.() represent least squares fits spectively. It is perhaps remarkable that a single model is
of our model as described in the preceding paragraph, whicbonsistent with all of the measured data, given the complex-
give |=7.5um, w=2.5um, andly=2.2. The correspond- ity of the grain structure being studied and the wide range of
ing value of |Al|/l, is 0.045. The fact that error a  the grain parameters obtained. It should be noted that even in
=55min[(|Al]/1g)t=55min] IS 3 times larger than the error simple systems with a single correlation length, different
att=200min[(JAI|/15)1=200min iS NOt surprising because functional forms are often needed to fit the lavand highg
the signal to noise ratio at early times is small. Note that atiata.
t=50min, the signal is below the noise level. At all times (when the scattering signal was well above

It is evident from Figs. &) and 4b) that our model the background the profiles obtained at quench tempera-
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(a) 122°C (t=200 min) number of very large grains, or a slight preferential orienta-
25 [ A mama tion of the grains formed during the early stages of the
; ] disorder-to-order transition. It is evident that our single grain
20 [ ° L ] model is consistent with the data shown in Fig&)5and
! ] 5(b). Similar consistency was obtained at all times at quench
temperatures between 122 and 118 °C.

As seen in Figs. @ and 4b), the difference in scatter-
ing intensity alongu=0 and 45° is relatively subtle and
these differences can only be seen on an expanded scale
(e.g., Fig. 4. On a more compact scale like that used in Fig.
2, there is no discernible difference lirvs q plots alongu
] =0 andu=45°. For brevity, we therefore do not show plots
et of data obtained alonge=0°. However, in all cases, the

0.00 005 010 015 020 025 0.30 data obtained alonge=0 was used in the analysis, as de-
q(um™) scribed in Sec. lll. All of the data at quench temperatures
. ] between 130 °C and 124 °C were analyzed using Ejand
25 'fbl) 122(5(t=55|""“) I (3). All of the data at quench temperatures between 122 °C

i ] and 116 °C were analyzed using Ed@). We thus obtain the

[o ] time dependence df w, and |, as a function of quench
depth. Note that the same model is used for all of the data
analysis, because the isotropic grain model is a special case
1 of the ellipsoidal grain model. While our model captures the

] essential features of data obtained over a wide range of pa-
] rameter space, it does not rule out the possibility of develop-
] ing more accurate and appropriate models for describing the
grain structure in block copolymers.

The time dependencies bandw in the shallow quench
regime, defined to be 124 <T<130°C, are shown in
Figs. 6a) and Gb), respectively. In Fig. 6 and in subsequent
figures, a vertical gray bar is used to show the range of times
required to change the temperature of the sample from the
FIG. 5. Depolarized light scattering intensity alopg=0° and 45° direc-  disordered to the ordered staee Sec. Il for detai)s At
ti(_)ns vs scattering vectay The data were obtained aﬁer qyenching from the ear|y times) andw increase rapidly. AT=130°C, the shal-
disordered state to 122 °C. The curves are theo'e_t'cdm‘sm] with w, | vest quench where order formation was observed, we find
andl, as adjustable parametefs) t=200 min, (b) t=55 min. . ;

thatl reaches a maximum of 2Zm and then decreases with
time [Fig. 6(a)], while w increases monotonically with time
C[Fig. 6(b)]. At the other temperatures in the shallow quench
fegime,l andw reach time-independent plateau values after
t~150 min; see Figs.(@ and &b). In Fig. 6c) we show the
time dependence af in the deep quench regime, defined to
be 116 °G=T=<122°C. In this regime the grains are isotro-

ence of isotropic grains with=w, and the scattering inten- pic and thus grains are characterized by one length seale

sity profile is given by Eq(7). In such cases the least squares™t 122 °C[Fig. 6)], we see an increase in the grain size at
fitting procedure described above was used on both sets 62 times followed by a plateau. This is similar to the
data (x=0° and u=45° with |, andw as adjustable pa- trends seen in the shallow quench regipfégs. qa) .and .
rameters. The curve in Fig(® represents the least-squares 8()]- At 120°C and 118°C, however, the grain sizes in-
fit through the data, givingy=3.2um andl,=18.1. We Crease continuously during the course of the experiment. The
find reasonable agreement between the data and our mod@W Signal to noise ratio af =116 °C prevented us from
with |A1|/1,=0.05. The model underestimates the scattere@btaining reliable estimates of grain sizes during this quench
intensity in the lowq regime[see Fig. 5a)]. Possible causes [see Fig. #)].

for this deviation between theory and experiment are dis- In Fig. 7 we show the time dependence of average grain
cussed below. In Fig. (6) we show the scattering profile Vvolume,v (v=Iw?, or w® if I=w) for all of the quenches.
recorded during the early stages of the disorder-to-order trarWe find that the time dependenceois similar for all of the
sition at 122 °C {=55min) along with the least squares fit. quenches. The grains are small during the early stages of the
Under these conditions we obtain=1.3um, [,=0.81, and quench, grow rapidly at intermediate times (50 min
|AI|/1,=0.1. As mentioned in Sec. I, we ignore the spike in <150 min), and then reach a plateau at long timés (
the data atg~0, which corresponds to about 0.5% of the >150min). At the lowest quench depti £130°C), the
measured signal. The spike could be due to either a smagjrain structure(l andw) continues to evolve at>150 min

tures between 122 and 116 °C were azimuthally symmetri
An example of such data is shown in Figah where we
show | (q,u) obtained after quenching from the disordered
state to 122 °C at=200 min. Here we find that within ex-
perimental error| (q,0°)=1(q,45°). This indicates the pres-
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10 ° 124c| e ] quench temperature from 130 °C to 118(Fgs. 7 and 8
. ] The classical theory of nucleation and growth is built on
(u':;l) ; * . 5 m ] the assumption that nuclei of the equilibrium ordered phase
1 ."; a ] grow by consuming the surrounding disordered phase. Since
[ a 1 . e . .
St JOSCR L I . ] the nuclei are at equilibrium at all times, the order parameter
+ .de‘. . . . . . . . .
R0 « @ within all of the grains is identical and independent of time.
00 . . . . . .
§§:°°°°° This implies thatAn for the growing nuclei are independent
O . - .
" : . . . . of time. If we assume thap approaches unity at long times,
0 50 100 150 200 250 t=t|_,_ where we defi_net,_ to be the time at which each
t (min) experiment was terminated, then we can use measurements
of I, andv to estimated. We define a parametép,(t) to
4 T T . . be equal to the value df /v at any timet, normalized by its
I ‘ value att, ,
. o o o lo()/o(t)
3 i ° ¢ ° ] fruc() = - (8
[ o . lo(t)/v(ty)
w I ‘ L * o g If the disorder-to-order transition is completetatt, or ear-
(um) 21 ‘ e o ] lier, and if the mechanism of the disorder-to-order transition
" o o is classical nucleation and growth, then the grain volume
‘ oo’ * o S— fraction ¢p(t)=f,,c(t); see Eqs(6) and (8).
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and(b). Data obtained after deep quenches, whergv, are shown in part 1 ; 3&? 4 118°C
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° ] E
u o
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[Figs. §a) and Gb)] in spite of the fact that is more-or-less 10 ¢ - Ei?jf‘ R 3
. . . . & Ap a
constant during this timérig. 7). F b, o 8
In Fig. 8 we show the time dependencel giobtained at 707 Lo i s i ensdasnndua el oo elons
the different quench temperatures. We see that the time de- 0 50 100 150 200 250 300 350

pendence of is similar to that ofv; compare Figs. 7 and 8.
We find a rapid increase ih, at the early times followed by FG. 8. Time d g 6. the depolarized ligh o _

H H H . 6. lIme aependence , the epolarized lig tscatterlng |ntenS|ty as
a plateau Iate(Flg. 8)' It is perhaps of interest to note that g—0, at different quench temperatures. The vertical gray bar indicates the

the plateau Valu_es of thﬁ‘) andv decrease by about three value att, where the sample temperature reaches the final quench tempera-
orders of magnitude in response to a modest change itre.

t (min)
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FIG. 9. Time dependence of the facfiy,,, defined by Eq(8), at different
quench temperature$a) Shallow quenches, wherg,, can be approxi-
mately equated to the volume fraction of the ordered pheséb) Deep
quenches, wheré, . cannot be equated to the volume fraction of the or-
dered phase. The vertical gray bar indicates the valtendtiere the sample
temperature reaches the final quench temperature.

It is anticipated that classical nucleation theories apply at

shallow quenche®:?® We thus begin with a discussion of
the time dependence @f,, for shallow quenchegbetween
130°C and 124 °§; assuming that(t)=f,,,(t). The data

Kim et al.

cause of the fact that the determinationvoind |y are de-
coupled. It is also difficult to imagine that this time indepen-
dent value of¢ is different from unity. Our observation of
grain growth afterp~1 indicates that the defects separating
neighboring grains are mobile and grain growth occurs due
to annihilation of some of these defects. In the shallow
quench depth regime, we can thus identify two stages of
grain growth; an early stage where grains grow by consum-
ing the surrounding disordered phase and a late stage where
grains grow by defect annihilation. The end of the early stage
signals the completion of the disorder-to-order transition. It
is seen in Fig. @) that the completion time decreases mono-
tonically with increasing quench depth. At 130 °C, for ex-
ample, ¢=~1 at t=150min, while at 124°C,¢p~1 att
=70min. Thus, at 124 °C¢ is constant over a considerable
portion of the available time windoW0—200 min.

An interesting situation arises at a quench temperature of
122 °C, as shown in Fig.(B). Under these condition$,,q,
or equivalently,¢, is essentially equal to unity in the entire
accessible time window. It is evident that at this quench
depth, the disorder-to-order transition is completed before
=50min. Thus the grain growth seen at 122 °C in Figs) 6
and 7 is entirely due to defect annihilation, and the time
required for completion of the disorder-to-order transition is
below our resolution limit.

The time dependence of,, for deeper quenches
(120°C and 118 °Cis also shown in Fig. ®). A compari-
son of the data in Figs.(8 and 9b) provides the first indi-
cations of a qualitative difference between shallow and deep
quenches. During shallow quenchgsig. Aa)], . in-
creases with time, while during deep quenchiély. 9(b)],

f nue decreases with time. At the border between shallow and
deep quenche$,  is independent of timgT=122°C in
Fig. 9b)]. It is clear that in the deep quench regingd}t) is

not equal tof,,¢(t) becausd,, is significantly larger than
unity at early timegFig. 9b)]. This means a breakdown in
the underlying assumptions used to equatend f,q-

It is conceivable that grains formed during deep
quenches do not have the sakie. This necessarily implies
that somgor all) of the grains formed during deep quenches
are not at equilibrium. The decreasefig, with time may

obtained in the shallow quench depth regime are shown ithen be attributed to a reduction in the polydispersity, as

Fig. 9a). At early times, the grain volume fraction is small.

the grains attempt to approach equilibrium. It is also possible

It increases with tim& and reaches a plateau that is definedthat deep quenches lead to a broad distribution of grain sizes.

to be unity. The time required fap to reach its asymptotic
value can be considerably lower than that requiredvfdo

This polydispersity effectf(,,.>1) is clearly seen at 120 °C
and 118 °C but hints of such behavior are contained in the

reach its asymptotic value. At 124 °C, for example, cleardata at 122 °GFig. 9b)]. A more complete description of

signs of grain growth can be seen untit 120 min (Fig. 7),
while ¢=1 att=70min[Fig. Ya)]. Betweent=70 and 120
min, at 124°C,v increases from 30 to 8@m® while ¢
remains constant. Grain volume is determined entirely

the polydisperse grain structure obtained during deep
quenches will require the development of more sophisticated
models than those used in this paper.

In Fig. 10 we plot the final characteristic lengths of the

from the angular dependence of the scattering intensitygrains obtained at=t, . We find a sharp distinction between
while 1 is unrelated to the angular dependence of the scathe grains formed after shallow quench&s123°C and

tering intensity. Thus, at 124 °C betwetn 70 and 120 min,

grains formed after deep quenches:123°C. In the shal-

bothl, andl(q,«) change in such a way as to preserve thelow quench regime we obtain anisotropic graihg (v) that
ratio | /v. This behavior is seen during the later stages ofare large while in the large quench regime we find isotropic

grain growth at all temperatures discussed in Fig).9The
observation of a time-independedt-1,/v during the later

grains (=w) that are small.
Anisotropic grains are expected to form during the early

stages provides substantial confirmation of our model bestages of the disorder-to-order transition due to the anisot-
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FIG. 10. The dependence of the final grain paramdtarsdw att=t; on

quench temperature FIG. 11. Depolarized scattering intensityys scattering vector, along the

u=45° direction. Equilibrated ordered grains were grown by quenching to
124 °C. The sample was then cooled to 116 °C and studied as a function of
increasing temperature.

ropy of the hexagonal microstructut®The interfacial ten-

sion between the ordered phase and the surrounding disor-
dered phase depends on the orientation of the interfac@duced to 116 °C and the depolarized light scattering signal
relative to the optic axis and this will induce the formation of Was studied as a function of increasing temperature. We
ellipsoidal grains. The Wulff constructidrcan be used to Waited for 20 min at each temperature to ensure thermal
determine the shape of the ordered grains that would grow @quilibration of the sample and then measured the depolar-
the ordering process were carried out at infinitesimal quenctzed light scattering profile. We refer to this as a multistep
depth. One thus expects anisotropic grains to emerge durirgdench experiment to contrast it from the direct quench ex-
the early stages of shallow quenches when grain growth igeriments described in the preceding section. The resulting
slow and the grains are well separated from their neighbor$cattering profileq1(q,.=45°)] at selected temperatures
This is consistent with our observations at shallow quencire shown in Fig. 11. We obtained anisotropic scattering
depths, see early time data in Figgagand Gb). However, ~Patterns at all of the temperatures and we thus used Egs.
after the disorder-to-order transition is complete, the ordereé?)—(5) to analyze the data. The anisotropy in scattering was
grains are no longer in contact with the disordered phase ariPt large so we do not shoW(q,.=0°)]. We assume that
the driving forces that led to the formation of ellipsoidal #=1 When the sample temperature is below 133 Ty
grains are no longer operative. Decreasing Gibbs energy in 133°C). We obtainv from the angular dependence
fully ordered sample requires reducing defect density. on®f 1(q) and estimate An using the relationship
mechanism of accomplishing this is by reducing the anisotlAn|~(lo/v)"% We define a normalized refractive index
ropy of grains, i.e., reducin/w, at constant grain volume. difference|An|eqy as follows:

The decrease ih with increasing time observed during the |An|

late stages of ordering at 130 {€ig. 6(@)] is a spontaneous |AN|eqi=

process because grain volume remains constant during this |Anlr-1200

time (see Fig. 7. At all other quench temperatures, grains lo/v _

grow irreversibly, i.e.] andw increase monotonically with = V) e (multistep quenchgs  (9)
time [Figs. §a)—6(c)]. 077/ 124Csted

We conclude that kinetic factors dominate grain growthwhere we use the subscript “equil” to indicate that the rela-
in the deep quench regime because isotropic grains were ofve |An| value that we obtain is from a sample with equili-
tained during all stages of order formatifRig. 6(c)]. We  brated grains, andi§/v)12«csten is the value ofio/v after
conducted additional experiments to study the polydisperste first step of our multistep quench. We cannot compute
and nonequilibrium character of the grain structure formedhe absolute value diAn| because we have not determined

during deep quenches. The results of these experiments aifée proportionality constant betweghin| and (o/v)"% We
described below. have normalizedlAn| by its value at 124 °C, the temperature

at which the grains were grown. The solid symbols in Fig. 12
represent the temperature dependencmoﬂequ“. It is evi-
dent that|An|eq is a weak function of temperature in the
range 116 °&T=<130°C. We find a dramatic decrease in
An SI(20-6) sample was subjected to a quench to 124 °Cthe scattered intensity when the temperature is changed from
and held there until= 180 min as discussed in Sec. IV. This 130 to 132 °C(Fig. 11). We are not sure about the state of
is the first step of the experimef$tep 1. The sample is the sample at 132 °C after a multistep quench. Perhaps the
filled with equilibrated grains at the end of this stegee  sample is partially disordered. We note that 132 °C is pre-
124 °C data in Fig. @)]. The sample temperature was then cariously close toTopt (133+1 °C), and factors such as

V. EFFECT OF TEMPERATURE ON EQUILIBRIUM
ORDER PARAMETER
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4 quench temperature of 132 °C, we do not see any signs of
: = el 0 ordering[Fig. 2(@] so |An|quenchcould not be measured at
12 a . o an | this temperature. At 130 °GAn|gencnis significantly less
o 2 T R o ] than|An|eqi. We thus observe severe hysteresis in the 130
= [ — . 133 °C temperature range. It is evident that our experimental
< 08 | . protocol is unable to establish the nature of the equilibrium
2 I ] ordered state in the 130—133°C range. Such hysteresis is
73 0.6 a @ ] inevitable near the phase boundary of systems undergoing a
04 L . e . 1 first-order phase transition. At temperatures between 128 and
[ ® ] 124 °C, however, there is near-quantitative agreement be-
02 | Toor 1 tween|An|guenchand|An|eqyi. This agreement is obtained in
; v o] spite of the large difference in the scattering profiles obtained
0.0 s 10 15 130 T35 after direct and multistep quenches. We conclude that grains
T(°C) formed by direct quenches to 128 °C, 126 °C, and 124 °C are

at equilibrium. By definition, there should be no polydisper-
FIG. 12. The temperature dependence of the average birefringence withigity of An in this temperature range. At 122 °C, 120 °C, and
grains for quenched and equilibrated samp|és)|eq defined by Eq(9) 118°C, however1|An|quench is significantly smaller than
and|An|guencrdefined by Eq(10). |An|equi, indicating that the grains formed in the deep
quench regime are out of equilibriuffig. 12.

polydispersity in chain length and limited control over ther-  'n€ data discussed in Sec. IV showed qualitative differ-

mal history may affect our resulfé.We therefore do not ences in grain size obtained in the shallow and deep quench

attempt to explain the magnitude of the measured value di¢9imes(Figs. 9 and 10 The data in this section confirms
|An|equ” at 132°C. that the internal structure of the grains formed in the shallow

It is evident that the grain structure obtained from a di-and deep quench regimes is also qualitatively different.

rect quench to a given temperatufeig. 2) is dramatically

differqent from the grain structure obtained after a multistepVI' RHEOLOGY
quench to the same temperatyfeg. 11). For example, at The objective of this section is to obtain the characteris-
128 °C, the direct quench leads to a grain structure with aic relaxation time in SR0-6) melts from rheological mea-
much larger value ofg [I,=1450; see Fig. @)] than that surements. We restrict our attention to the disordered state
obtained from a multistep quench,=220; see Fig. 11 In where the relationship between relaxation processes and
contrast, at 120 °C, the direct quench leads to a grain strucheological measurements is reasonably well established.
ture with a much smaller value of [1,=14; see Fig. @))]  The frequency(w) dependence of the real and imaginary
than that obtained from a multistep quen@l3=320; see parts of the shear stress relaxation modul@s$, and G”,

Fig. 11). Some of these differences are due to the deperrespectively, were measured as a function of decreasing tem-
dence of grain size on quenching history. This is not surprisperature from 145 to 133 °C. The data obtained at 133 °C are
ing because the grain structure is completely determined bghown in Fig. 183). Conventional time-temperature
the irreversible aspects of the disorder-to-order phase transsuperpositiof® was used to shift data obtained at higher tem-
tion, and the products of irreversible processes are often pagheratures and the shifted data are also shown in Fig).13
dependent. However, all of the changed jncannot be ac- The temperature dependenceagf, the shift factors used to
counted by changes in grain volume alone and there are adollapse the data, are given in Fig.(bB The G"(w) data
ditional effects that must be related to the internal structurexhibit simple behavior. Approximate liquidlike behavior
within the grains which affectAn|. To focus on these ef- G"~w! is seen in the low frequency limit and time-
fects, we definelAn|quench, the relative value ofAn| ob-  temperature superposition leads to a reasonable collapse of
tained from a direct quench experiment again normalized tehe datg Fig. 13a)]. In contrast, we see some complexity in

its value at 124 °C, the G'(w) data. Time-temperature superposition does not
It o (o) lead to per}‘ect collapse at low frequencies. In. addition,
| AN quenci= \/ O F F (direct quenches power law fits through the low frequendy’ data yield an
(lo(tp)/v(te))T-124c 10 exponent 1.7 at all temperatures, instead of the expected

value of 2. Similar results were obtained by Jin and Lodge in
The results of this exercise are shown by squares in Fig. 12heir comprehensive study of the rheology of block copoly-
The value of Io(te)/ve used in the normalization of mer solutions? It is believed that this complexity is due to
|An|quencnWas 1.309, while théq/v value used in the nor- the presence of concentration fluctuations in disordered
malization of |An|eq, Was 1.284. The difference between block copolymer systems. The amplitude of the fluctuations
these numbers indicates the extent to which the grain strués temperature dependent and this causes failure of time—
ture in different samples subjected to the same thermal hisemperature superposition. Following Jin and Lodge, we es-
tory was reproducible. timate the characteristic time scale for relaxation of concen-
Figure 12 enables a comparison between the average dration fluctuationssy,., by a power law extrapolation of the
der parameter of the grains obtained from a direct quenclow frequencyG’ and G” data, and locatingw;, the fre-
(|An|guency With that of equilibrated graing 4n|eq ). Ata  quency at the intersection point of the power law lines. Note
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, (@) TABLE I. Temperature dependence of the rheological properties of disor-
10" e . g dered S(20-6).
106 E saa? °® _é T (OC) ar Wint (radls Tfluc (S)
T 105 R T 1 133 1.000 111.00 0.0090
3 . et : 136 0.642 132.50 0.0049
g q0fl G ae® o . caro 139 0.413 158.50 0.0026
P % 3 3
)  a? ‘;3 o ge 142 0.268 171.00 0.0016
T “,J : 21‘;,?6“2, ] 145 0.177 185.00 0.0010
-] G o "G a30 3
5 102 B ‘33; b G (39°C) N
z) ¥ * G(42°0) 3
o . 3¢ o graao)| 1
10" £ : g‘,f(':js"fc)) 3 obtained from the disordered and ordered state. This is con-
0 sistent with previously published literature, e.g., Ref. 21.
10 M| PSR | PR | L1
0.1 1 10 100 1000

a_o (rad/sec)
T VIIl. MECHANISMS OF GRAIN FORMATION

- I We now combine the results of depolarized light scatter-
1.0F o 1 ing, rheology, and SANS, to identify the factors that control

I ] grain formation in S[20-6) melts. In particular we would
like to know the reason for the qualitative difference in
grains formed by quenches above and below 123°C. One
I possible reason for this difference is a mechanistic change in
A the disorder-to-order phase transition at 123 °C. The mean-
| field theory of block copolymers predicts the presence of a
spinodal at temperatures just below the stability limit of the

Toor hexagonal phase. If the spinodal for our system were lo-
i ¢ cated at 123 °C, then above 123 °C we would obtain conven-
tional nucleation and growth while below 123 °C we would
0.1 PSR RS S BT 1 1 PYR U ST T . . L. . R
132 134 136 138 - 140 142 144 146 obtain spinodal decomposition. It is therefore possible that
T (°C) the complex grain structures observed below 123°C are a

product of spinodal decomposition. The presence of a spin-
Ff'Ghle'- (@ The ‘I‘req”ency‘")ddfpe”de“ge of the real a”? im?tgi”ary Parts odal is indicated by a divergence in the disordered state
of the stress relaxation modulu§’ and G”, respectively, after time— 1 .
temperature superposition, at a reference tempgrature )gf 13®YThe struc_ture faCtO?' In F'G!- 15 we p_IOt wpeak_vs_ 1, the Conf
temperature dependence of the shift factars, used to obtain the super- Ventional plot for locating the spinodal within the mean-field
position shown in parta). approximation. The data obtained in the disordered state
were extrapolated to the point wheré 14— 0. As shown in

Fig. 15, the spinodal obtained by this procedure is located at
that w;,; is temperature dependent due to the lack of perfec§8 °C. Our data rule out the possibility of a divergent peak

time—temperature superposition; see Figal3We take intensity at 123 °C (17 =0.0025K ~1). Thus, the reason for
the complex grain structure obtained below 123 °C cannot be

or 11
Tfluc™ O (11
The temperature dependenciesagf; and ;. are given in 12 e e
Table |. woh o’ ° ure| |
[ o0 *o12r°c|
[ o ° 126°C| ]
VIl. SMALL ANGLE NEUTRON SCATTERING L Eﬂi‘fég 5 ]
' [ 9 131°C
The q dependence of the coherent SANS intensigis wéééZg + iecl
from SI(20-6) at selected temperatures is shown in Fig. 14. @E R R
The sample was first disordered and studied as a function of . . 141°cl 3
. . . Y
decreasing temperature. A scattering peak is seem at 146°C
= (pear~0.37 nm ! regardless of temperature. The location 8
of the scattering peak is in agreement with literattiré& At
| Y

temperatures=135 °C, the scattering peak indicates the
length scale of disordered concentration fluctuations. At tem-
peratures<131 °C, the scattering peak gives the average lat-

tice constant OT the hexa}gc.)nal' phasel=27/0.37  Fig. 14. SANS intensityl sans VS Scattering vectoq at selected tempera-
=17.0nm. There is no sharp distinction between SANS dataures.

q(m™)
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FIG. 17. The nucleation densitg,, ., vs temperature. The line is used to

FIG. 15. A plot of 1l ,.,cthe SANS intensity at the peak vs the reciprocal of extrapolate the measured trends to the temperature japgeould not be
absolute temperature, TL/ Filled circles, disordered state. Open symbols, easured directly.

ordered state. A linear fit through the disordered state data was used to
estimate the spinodal temperatufe,.

The observed exponential temperature dependenciegef

due to a change in the phase transition mechanism. We thergpg Thue ON temperature are not surprising. The exponential

fore consider the possibility that our observations are due tgemperature dependence of the relaxation time is character-

kinetic reasons. istic of fluids at temperatures that are well above the glass

Our determination ofj(t) in Fig. 9@ enables the deter- transition temperature. The exponential decreaser,f,

mination of the time required to complete the disorder-to-yith increasing quench depth, indicates that the order forma-
order transition. This time, which we cadl;ge, is defined to  tjon in our system are dominated by thermodynamic driving
be the earliest time at whicit>0.9 was recorded minus 37 forces which become stronger with quench depth. We could
min (the average time required to quench the saimi@&Ir ot measurery,. at temperatures below 133 °C because of
error in 7orqe due to the finite time required to quench the the formation of the ordered phase, which has completely
sample is+5 min. At 124°C, for example$>0.9 att (jfferent rheological characteristics. Similarly, we could not
=70min, andro e is thus 3425 min. We determinedyger  measurer,,qe at temperatures below 124 °C because the time
in the available temperature windo@30°C to 124°Cand  required to complete the disorder-to-order transition was
our results are shown in Fig. 16. Also shown in Fig. 16 is thesmajler than the time required to quench the sample. In the
temperature dependence®f, the characteristic time scale range where direct measurements are not possible, we esti-
for relaxation of concentration fluctuations in the disorderedyate Torder aNd 7qye USING extrapolations of the exponential

state, taken from Table I. To a good approximation, bothts je. the lines in Fig. 16.

time scales exhibit exponential dependencies on temperature. The grain structure at completiort = 7,,4e/+ 36 Min)

The lines in Fig. 16 are least squares fits through the datgyives an estimate the density of nuclei that are formed during
the disorder-to-order transition. If we assume that each
nucleus gives rise to one grain at completion, then the num-

10" e ber of nuclei per unit volumep,,=1/v(t= Torge). SOMe

: " ] justification for this assumption comes from the fact that
d orter grain growth by defect annihilation is much slower than
10°L 1 grain growth by consumption of the disordered phése.

] 7). Thep,, values that we compute is a lower bound on the
1(s) E true nucleation density because some defect annihilation
100;‘ 3 must take place before completion of the disorder-to-order
A ] transition. In Fig. 17 we plop,,e VS quench temperatufe
i ~— It is evident that to a good approximatign, iS an expo-

102; \\1\,\ " fue 3 nential function of temperature. The line in Fig. 17 is the
L i S least squares exponential fit through the data. As was the
10_4§ L .- case withry,. and 7o4er, €Xtrapolation of the exponential fits
115 120 125 130 135 140 145 150 were used to estimajs, . at temperatures where direct mea-
T(°C) surements were not possible. The complimentary trends ob-

served in the temperature dependenciesrgfe, and p,ua
FIG. 16. The temperature dependence of relevant time scales. Circles, timadicate that the rapid completion times observed with in-

r(_aqu_|red to complete the_dlsorder-tc_)-order trans_ltrtm,er. Squares, intrin- creasing quench depths are due to increasing nucleation den-
sic time scale for fluctuation relaxatior,.. The lines are used to extrapo-

late the measured trends to the temperature range whgsgand . could  Sities and not d_ue to rapid grain growth kineti_cs. _
not be measured directly. The formation of long range order requires a certain
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10— . IX. CONCLUDING REMARKS
Wl T ] Grain growth in $(20-6) melts was studied by time-
: | resolved depolarized light scattering after a quiescent quench
10°k | ) from the disordered to the ordered state. The sample exhibits
L'\t | ] an order—disorder transition at 183 °C. At quench tem-
10°¢ : peratures above 123 °C, we observed grain growth kinetics
i | that were consistent with classical nucleation and growth. At
10° ¢ | quench temperatures below 123 °C, however, we obtained
N b small, highly disorganized grains that were out of equilib-
107 Trapped/Equil ODbT 4 rium. We show that the abrupt change in grains structure at
1003 L L ¢ ] 123°C is due to spatial constraints set by very high nucle-
115 120 125 130 135 ation densities.
T (°C) Whether or not we should conclude that the disorder-to-

FIG. 18. The temperature dependence of dimensionless pararhé&tetise Ordedr transition I‘IIS Co_mple_:te m. our experlmentgl Wmﬂow P;n
ratio of the characteristic distance between nuclei and the characteristiU1e eep quenc regime I1s an |_nterest|n_g quesh_on. The phase
length of the ordered phase, arid the ratio of the time required to form the  transition is far from complete if we define the final product
ordered phase to the characteristic time for relaxation of concentration flucto be the equilibrium phase. On the other hand, if we accept
tuations. the poorly ordered phase as the final product, then the phase
transition is completed rather quickigee Fig. 16 The for-
mation of the equilibrium grain structure in the deep quench

amount of space and time. The space available for a givefgime would be indicated by values &, that are about an
nucleus to grow is limited by the neighboring nuclei. Theorder of magnitude larger than those obtained at the end of
average distance between neighboring nuclgi;, given by ~ our experiments. This would require a substantial increase in
L ue= 30 (t= Torge), is thus a measure of the space availablefnue With time. On experlment_al time _scales, however, we
for order formation. The time available for order formation is ONly observe a decreasefif,q with time in the deep quench

Torder- We define a dimensionless time scafe regime[Fig. Ab)]. The time scale on which the kinetically
trapped nonequilibrium phase formed at deep quenches will

o Torder transform into the equilibrium phase is completely outside

= Tiwe | (12) our experimental window. This fact, in conjunction with the
structural polydispersity that we find in the deep quench re-
and a dimensionless length scalg, gime, are reminiscent of glassy systems. In the deep quench
regime, however, the polystyrene microphase about 40°C
L% L hucl above its glass transition temperatuig). The stability of
T od 13 the kinetically trapped state thus cannot be attributed to mo-

lecular sluggishness encountered near the conventignal

It is clear thatL* and7* must be greater than unity for It appears that the poorly ordered, polydisperse grains that
classical nucleation and growth kinetics to be observed, bdill our sample during deep quenches do not have access to
caused and 7, are obvious lower bounds for the space andpathways for approaching equilibrium.
time required for nucleation. However, it is conceivable that  Liquid crystalline systems are generally characterized by
order formation is a collective phenomenon, requiring thelow defect densities, due to high mobility in the liquid direc-
concerted rearrangement of several molecules. If this is trugons. In low molecular weight liquid crystals, closely spaced
thenL* and 7* must be significantly greater than unity for defects annihilate rapidf§ resulting in very large grains and
classical nucleation and growth kinetics to be observed. Itextures that have become the standard signéttigthese
Fig. 18 we plotL* and 7* as a function of temperature. At systems. Similar textures have been seen in block copolymer
123°C, the temperature at which we observe a change isystems with low defect densitiés> In deeply quenched
grain structure from equilibrated grains to kinetically trappedSI(20-6) melts, however, we have demonstrated the opposite
grains, we find that* =10 while 7*=2x10% i.e., L* tendency, namely the ability to trap high defect density states
<7*. SincelL* is significantly smaller thar™, not only at  that are far from equilibrium.
123 °C but through the entire experimental temperature win-  In a previous papéf we studied the kinetics of order
dow (Fig. 18, we conclude that the primary limitation that formation in another molten block copolymer, (&i13)
prevents equilibration in the deep quench regime is the lackvhere the numbers in the brackets refer to the molar masses
of space. We also conclude that temporal constraints due tof the polystyrene and polysioprene blocks, respectively, in
rapid ordering kinetics in the deep quench regime are nokg/mol. Topt for this sample was 591 °C. The composi-
responsible for the kinetic trapping. The result tHat tion of Sli(4-13) and S(20-6) are similar except for the fact
=100 at 123 °C, suggests that order formation in our systerthat polystyrene is the minor component in the former and
is a collective phenomenon that involves concerted motiompolyisoprene is the minor component in the latter. The grain
of about 100 chains. If space for such concerted motion igrowth characteristics of §1-13) and S(20-6) at shallow
not available, the resulting ordered phase falls out of equiguench depths are virtually identical; compare data in Refs.
librium. 10-13 to present paper. In (813 we found an abrupt
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