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Abstract Crystallization in thin films of poly(ethylene

oxide) in blends with poly(methyl methacrylate) has

been studied. The film thickness is fixed at 120 nm, while

the blend composition, PMMA molar mass, and crys-

tallization temperature are varied. Blends with a com-

position of 50/50 (wt% PEO/wt% PMMA) exhibit a

variety of morphologies that are highly dependent on

PMMA molar mass and crystallization temperature. A

needle morphology not previously reported in this

system is also observed. For 40/60 blends, dendrites

and DBM are observed at high PMMA molar mass. At

low PMMA molar mass, a number of morphologies are

observed over small changes in the experimental

controls. In 35/65 blends, dendritic growth is observed

with sidebranches at 45� and 90� to the dendrite trunk at

low undercooling and only at 90� for larger undercool-

ing. For 30/70 blends, dendritic growth is observed over a

large range of PMMA molar mass and crystallization

temperature. Maps demonstrating the role of the con-

trol parameters on morphological development are

reported. The observed morphologies are believed to

result from the combined effects of the lack of crystal-

lizable chains at the growth front, low dimensionality,

rejection of non-crystallizable chains, and variation of

the effective levels of noise and/or anisotropy.

Introduction

Pattern formation during crystallization has been stud-

ied for a number of years. Many studies have focused on

dendritic crystallization of metals and small molecules

because these dendritic microstructures are known to

play a large role in the resulting mechanical properties

[1]. Pattern formation in facet-forming materials, such as

polymers, has been studied in less detail, although early

studies have shown that the presence of facets does not

necessarily preclude pattern formation [2–4]. One of the

outstanding problems in pattern formation is an under-

standing of the processes by which substances that

normally crystallize in faceted manner can be driven to

crystallize in non-equilibrium, diffusion-limited mor-

phologies.

In general, faceted crystals have atomically smooth

interfaces that grow through a layer-by-layer mecha-

nism, such as secondary surface nucleation (nucleation-

limited growth). On the other hand, non-faceted

crystal morphologies involve rough interfaces charac-

terized by many favorable sites for atom attachment. In

the latter case, crystal growth is controlled by diffusion

of heat or mass away from the melt-crystal interface

(diffusion-limited growth). Jackson suggested that the

nature of the interface (faceted vs. non-faceted)

correlates with the magnitude of the entropy of fusion

[5]. Smooth interfaces are observed in materials

exhibiting large entropies of fusion (polymeric mate-

rials), while rough interfaces are typically found in

metals and other materials with small entropy of

fusion.

Metals typically solidify from the melt in a dendritic

manner. Dendrites result from a thermal or solutal

diffusion field surrounding the crystal and their sym-
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metry reflects the crystallography of the unit cell (for

cubic materials, sidebranches typically form at 90� to

the dendrite trunk). Some small anisotropy in the

surface energy is required for the formation of the

dendritic pattern [6]. One of the important length

scales in dendritic growth is the diffusion length, d = D/V,

where D is the heat or mass diffusion coefficient and V

is the crystal growth velocity. This length represents

the characteristic distance over which impurities (or

heat) are rejected from the growing crystal.

Metallic dendrites are often difficult to study exper-

imentally because they are not transparent and crystal

growth rates are extremely large. These experimental

difficulties have been overcome in studies of sub-

stances such as succinonitrile [7, 8], pivalic acid [9],

ammonium chloride [10], ice [11–13], xenon [14–16],

camphene [17], and ammonium bromide [18]. These

model systems have allowed for measurements of the

sidebranching spacing, tip radius, and growth velocity,

which have subsequently been used to test existing

theories of dendritic growth [7]. For detailed discus-

sions of the fundamental aspects of dendrite formation,

the reader is referred to papers by Langer [19], Billia

et al. [20], and Glicksman et al. [21].

As discussed previously, polymeric materials usually

crystallize in a faceted manner. These faceted crystals

take the form of lamellae, which are single crystals with

ribbon or plate-like shapes, resulting from highly

anisotropic attachment kinetics. Lamellae are usually

organized in a spherulitic fashion when crystallization

takes place from the pure melt or from a concentrated

solution [22]. In contrast, crystallization from dilute

solution leads to isolated single crystal lamellae at

small undercooling and to dendritic patterns at larger

undercooling [23–25]. Recent studies of crystallization

in thin films have confirmed the ability of polymeric

materials to crystallize in a variety of non-spherulitic

morphologies [26–35].

In addition to faceted single crystals, spherulites, and

dendrites, other morphologies, such as the dense-

branched morphology (DBM) [36, 37] have been

encountered in crystal growth experiments. The

dense-branched morphology (DBM) is usually

observed in low anisotropy conditions and is charac-

terized by frequent splitting of the growth tip and a lack

of pronounced geometrical order [38, 39]. While this

morphology is rarely reported experimentally, it has

generated some controversy over its classification as a

true morphology [40]. Another problem with use of the

term ‘‘DBM’’ is that some of the reported examples are

single crystals while others are polycrystalline [30, 36].

This is an important distinction because in the former

case, diffraction patterns show pronounced crystallo-

graphic order (despite the lack of geometrical order),

while in the latter case, the diffraction pattern reveals

polycrystalline textures. In polymeric materials, the

reported dense-branched morphologies are almost

exclusively single crystals [26, 30, 32].

The spherulitic growth morphology has also gener-

ated significant confusion in the literature. In some

cases, such as selenium [41], lead glasses [42], sulfites in

gels [43], and lamellar eutectics [44], the term spher-

ulite is used to describe a polycrystalline pattern with a

spherical envelope consisting of a lamellar microstruc-

ture. In polymeric materials, the term spherulite

generally refers to an aggregate of single crystal

lamellae that originates from a single primary nucleus

and achieves spherical symmetry through repeated low

angle branching and splaying [45, 46]. Branching at the

lamellar level is usually associated with the occurrence

of screw dislocations [47].

Goldenfeld proposed that spherulites are three-

dimensional representations of the dense-branched

morphology [39]. Although this statement may be

generally true, the situation is more complicated for

polymers than for small organic or inorganic mole-

cules. In polymeric materials, two types of instabilities

may occur at the growth front. In the first case,

instability at the growth tip of a thin polymer lamella,

often resulting from mechanical stress, leads to the

generation of a screw dislocation and eventually to

the formation of a lamellar stack. Following the

reasoning of Keith [48], Keith and Padden [49] and

Schultz [50], these single lamellae are too thin to lead

to a Mullins-Sekerka growth instability. In contrast,

once lamellar stacks (fibers) reach lateral dimensions

commensurate with the diffusion length, a growth

instability leads to non-crystallographic branching

(splitting of the growth envelope into separate fibers).

More recently, tip-splitting in the plane of crystal

growth has been observed for a number of polymeric

materials in thin film geometries [26, 27, 30, 32–34].

This type of instability has been interpreted to result

from the lack of crystallizable chains at the growth

front.

The addition of impurities may also result in

instabilities of the growth front. In many bulk polymer

systems, rejection of non-crystalline components

occurs between the crystalline lamellae as evidenced

by linear growth kinetics and an increased long spacing

[51]. In some systems, these impurities are rejected

entirely from the crystal front, resulting in a cellulation

of the growth front [48]. Confinement in thin film

geometries may lead to rejection of impurities in the

plane of the growing crystal and instability of the

growth front [49]. These instabilities may result in a
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breakdown of the normally faceted growth morphol-

ogy into a number of other morphologies.

A number of theoretical studies of transitions

between morphologies have been reported [52–54].

These morphological transitions have been observed

upon changes in some control parameter such as the

effective anisotropy or the undercoooling. Experimen-

tally, these transitions are commonly reported in Hele-

Shaw experiments [36] but have been more elusive in

studies of phase transitions (such as crystallization)

[55–57]. Often, only a single morphology is observed,

suggesting that transitions between morphologies may

require large changes in a control parameter. These

large changes in experimental conditions are often not

possible in standard experiments due to a variety of

factors such as rapid nucleation at large undercooling

and large crystal growth rates. We anticipate here that

polymeric materials may provide some insight into

these transitions because of their relatively small rates

of nucleation and crystal growth, large crystallization

window, and tunable diffusion coefficients (through

changes in the molar mass).

Ferreiro and coworkers have recently reported

morphological transitions in thin film blends of

poly(ethylene oxide) (PEO) and poly(methyl methac-

rylate) (PMMA) upon changes in the blend compo-

sition [34, 35]. In this system, the PEO crystallizes and

the non-crystallizable PMMA chains are rejected from

the growth front. It is important to note that in

polymer blends such as PEO/PMMA, the two com-

ponents form a single phase in the liquid state and the

phase diagram consists of a single crystalline phase

(not two phases as is typical of binary metallic

systems) [58]. The observed crystal morphologies

were found to be similar to those generated by a

phase field model where the effective anisotropy was

varied. Montmorillonite clay was used as a nucleating

agent in these experiments and the amount of clay in

the system was shown to have a dramatic effect on the

observed morphology.

In the present work, we report further studies of

morphological development in thin films of PEO/

PMMA blends. The PEO content is varied between 50

and 30 wt% since a number of morphological transi-

tions were reported over this composition range

[34, 35]. Clay was not used in our study to minimize

the number of experimental variables. The focus of this

paper is twofold: first, to identify the different mor-

phologies in PEO/PMMA blends as well as their

location in parameter space (morphological maps), and

second, to provide directions for further study of

morphological development and pattern formation in

polymeric systems. The effects of the control param-

eters (blend composition, PMMA molar mass, crystal-

lization temperature) on morphological development

are also discussed.

Experimental

Poly(ethylene oxide) and poly(methyl methacrylate)

were obtained either from Scientific Polymer Products

and Polymer Laboratories and used as received. The

molar mass and polydispersities are reported in

Table 1. In this study, crystallized blend samples are

referred to by the PMMA molar mass (names shown in

Table 1).

The PEO and PMMA were dissolved in HPLC-

grade 1,2-dichloroethane overnight and then stirred for

2 h before use. The polymer concentration in solution

was approximately 1.25 wt% and the composition of

the blend was varied from 50 to 30 wt% PEO. Silicon

wafers (100) were cleaned with a hot solution of

70 vol% sulfuric acid and 30 vol% hydrogen peroxide

for 2 h to create a hydrophilic surface. After cleaning,

the wafers were rinsed with deionized water and blown

dry with nitrogen.

Before spin-coating, the wafers were rinsed with

HPLC-grade 1,2-dichloroethane and spun dry. The

polymer solutions were then spin-coated onto the

silicon wafer at approximately 1,000 rpm. The resulting

dry film thickness was approximately 120 nm, as

determined using a JA Woollam spectroscopic ellips-

ometer. The film thickness is not affected dramatically

by the PMMA molar mass, but is highly sensitive to the

concentration of polymer in solution. Blend composi-

tion was also shown to have a moderate influence on

film thickness (110 nm for (30/70) and 130 nm for

(50/50) PEO/PMMA blends). Studies carried out with

blend films of a specific composition but slightly

Table 1 Weight-average molar mass and polydispersities of
polymers used in this study

Material Mw (g/mol) Mw/Mn

PEO 101,200 1.04
PMMA5 4,900 1.10
PMMA7 6,880 1.07
PMMA12 12,000 1.08
PMMA13 12,500 1.03
PMMA17 16,700 1.06
PMMA18 17,900 1.10
PMMA30 30,490 1.02
PMMA53 52,700 1.08
PMMA68 68,200 1.13
PMMA101 101,000 1.09
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different thickness (±30 nm) showed no significant

change in morphology. Spin-coated samples were then

dried under vacuum at 60 �C for 2 h and then

transferred to a Linkam heating stage. The samples

were heated to 80 �C for 1 min (to melt any crystals

formed during drying) and crystallized under nitrogen.

In this study, we report the crystallization temperature

rather than undercooling because the actual underco-

oling is not precisely known due to difficulties associ-

ated with determination of the equilibrium melting

temperature in polymeric crystals [59]. The approxi-

mate range of undercooling, D = Tm – Tc, used is this

study is 6–56 �C, assuming a constant equilibrium

melting temperature of 76 �C since the Flory–Huggins

interaction parameter is approximately zero [60]. An

Olympus BH-2 reflected light microscope equipped

with a Cohu CCD camera was used to observe the

crystal growth morphology. The image contrast was

digitally enhanced to show the morphologies more

clearly.

Results

(50/50) PEO-PMMA blends

A wide range of morphologies were observed in studies

of the 50/50 blends. These morphologies are highly

dependent on the PMMA molar mass and crystalliza-

tion temperature. Only the effect of the crystallization

temperature is discussed here (varying the PMMA

molar mass results in similar changes, especially for

low PMMA molar mass). At small undercooling and

low PMMA molar mass (near PMMA12), dendritic

(D90) morphologies are observed, as shown in Fig. 1a.

These dendrites have sidebranches at 90� to the

dendrite trunk. Increasing the undercooling results in

the formation of the dense-branched morphology

(DBM), as shown in Fig. 1b. The dendrite arms and

the DBM branches continuously decrease in width

with increasing undercooling. Increasing the underco-

oling beyond the DBM regime results in the formation

of a stacked-needle (SN) morphology. The stacked-

needle morphology is shown in Fig. 1c. Further

increases in the undercooling results in a needle (N)

morphology, as shown in Fig. 1d. The needle morphol-

ogy exhibits a relatively low frequency 90� sidebran-

ching. Increased branching and bending of these

needles is observed at larger undercooling. Eventually,

the needles become very dense with a circular enve-

lope. At very low molar mass and large undercooling,

these dense-needled morphologies appear very similar

to spherulites commonly observed in polymeric sys-

tems. Preliminary in-situ observations of morphologi-

cal transitions also indicate that many of the observed

transitions (excluding transitions involving stacked-

needles) are of the second-order variety (continuous

velocity at the transition point).

(40/60) PEO-PMMA blends

A number of morphologies are also observed in 40/60

blends. Crystallization at large undercooling and high

PMMA molar mass produces dendrites with 90�
sidebranching (D90). At smaller undercooling, a

dense-branched morphology is observed.

Morphologies observed at high undercooling for

blends containing low molar mass PMMA appear to be

intermediates between dendrites, needles, and DBM

and are difficult to categorize. Each of these morpho-

logies exists over a limited range of conditions.

(35/65) PEO-PMMA blends

For 35/65 blends, the morphologies are deeply in the

dendritic regime. At large undercooling, the D90

morphology is observed across the range of PMMA

molar mass studied. An example of the D90 mor-

phology for this blend composition is shown in

Fig. 2a. The lower undercooling region is dominated

by dendrites with a large number of 45� sidebran-

ches, especially for larger PMMA molar mass. Some

of the sidebranches also grow at 90� near the

transition temperature. An example of this morphol-

ogy (D45) is shown in Fig. 2b. The DBM morphol-

ogy is still occasionally observed at low PMMA

molar mass.

The density of well-developed (independent) side-

branches decreases with increasing PMMA molar mass

but appears to be relatively independent of the

crystallization temperature over the relatively narrow

temperature window used in this study.

(30/70) PEO-PMMA blends

The observed morphologies in 30/70 blends are

entirely dendritic. However, because of the relatively

slow crystal growth rates (less than 10–4 lm/s) at small

undercooling, the region above the observed dendritic

region has not been extensively studied. The D45

morphology is observed at low undercooling in low

PMMA molar mass samples. As in 35/65 blends, the

density of developed sidebranches decreases signifi-

cantly with increasing PMMA molar mass.
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Morphological maps

Morphological maps for 50/50, 40/60, 35/65, and 30/70

blend compositions are reported as a function of

crystallization temperature and PMMA molar mass in

Fig. 3–6, respectively. Morphologies are not reported

for cases where the growth rate was prohibitively slow.

It is interesting to note that the morphology boundaries

mirror the expected evolution of the PMMA and PEO/

PMMA glass transition temperature as a function of

increasing PMMA molar mass.

Fluctuations in film thickness within and among

samples, as well as variations in blend composition

and polymer concentration result in slightly different

transition temperatures for different samples. This is

particularly true for blends containing low PMMA

molar mass. Despite the difficulty in determining exact

transition temperatures, the same trend in morphologies

is always observed in different samples, and the reported

maps can be used as a general guide for determining

where the different morphologies are observed.

Discussion

Morphological development in polymers

Several important issues about pattern formation in

polymeric systems versus small molecules or metals

must be addressed before any detailed discussion of the

Fig. 1 Optical micrograph of
morphologies observed in a
50/50 samples: (a) Dendrite
(D90)—PMMA16,
Tx = 58 �C, (b) Dense-
Branched Morphology
(DBM)—PMMA101,
Tx = 50 �C, (c) Stacked
Needles (SN)—PMMA101,
Tx = 42 �C, (d) Needles
(N)—PMM101, Tx = 40 �C

Fig. 2 (a) Optical micrograph
of the D90 morphology
observed in a 35/65
PMMA101 sample
crystallized at 37 �C, (b)
Optical micrograph of the
D45 morphology observed in
a 35/65 PMMA68 sample
crystallized at 41 �C
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observed morphologies can be given. Polymer crystals

form by a chain folding mechanism and their thickness

decreases with increasing undercooling [61]. At low

undercooling, crystallization is very slow but requires a

large amount of material to form thick crystals. In

addition, the crystalline phase is typically denser than

the amorphous phase, resulting in a depletion zone

ahead of the growth front [30]. The combined effects of

crystal thickness requirements and density change

during crystallization may play an important role in

pattern formation in these systems. Convection effects

in polymer melts are negligible because of their large

viscosity. Another interesting feature of polymeric

dendrites is that isothermal coarsening does not occur

to any significant degree due to limited surface

diffusion and the inability of new crystallizable mate-

rial to reach the crystal (diffusion is slow and the PEO

crystal is essentially enclosed in a glassy PMMA-rich

phase). These features will be discussed further in a

subsequent publication [62].

In the PEO/PMMA system, attractive interactions

with the substrate may result in a relatively high glass

transition temperature near the substrate. In this case,

crystals grow preferentially near the air/film interface

due to enhanced mobility [63]. As a result of this

gradient in glass transition temperature [64], the

effective film thickness for crystallization may be much

less than the actual film thickness. Hence, the non-

crystalline PMMA component is likely rejected in the

plane of crystal growth [65]. The result of these

constraints (low dimensionality, rejection of PMMA,

and depletion in PEO) is that the growth front of a

faceted crystal becomes unstable and new morpholog-

ies develop. The selection of the new growth morphol-

ogy depends on the interplay of these constraints as

well as the effective levels of noise and anisotropy [38].

It is also important to point out that the length scales

related to sidebranching in the dendritic morphologies

are very small compared to the crystal width observed

optically in Figs. 1 and 2. Using approximate values of

the diffusion coefficient (10–12 cm2/s) and growth rate

(10–8 cm/s), the diffusion length is on the order of 10–4

cm and the corresponding Mullins-Sekerka instability

length is on the order of 10–6 cm (~10 nm). These

values are supported by AFM observations of the

growth tip and will be discussed in more detail in a

subsequent publication [62]. These length scales are

beyond the resolution of the images presented in
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Figs. 1 and 2, meaning that the observed crystal width

actually consists of a collection of many generations of

sidebranch growth.

Needles (N)

The term ‘‘needle’’ is often used to describe a dendritic

crystal with no sidebranching. The use of the term

‘‘needle’’ in this study refers to morphologies that

resemble dendrites because of the 90� sidebranching

but have a relatively small number of branches. The

90� sidebranches, observed in needles and dendrites

(see Section on dendrites), indicate a crystallographic

relationship [66] between the needle/trunk and side-

branch. This relationship also indicates that the needles

(and dendrites) are flat-on with the fold surface

parallel to the substrate (i.e. vertical chain axis with

respect to the substrate). However, the reason that

sidebranching is suppressed at high mobility (50/50

blends) is not clear, but may be related to the crystal’s

relatively large growth rate. Detailed studies of the

growth tip are not currently possible due to the small

size and rapid growth rates of these needles.

Needle crystals morphologies have scarcely been

reported in morphological studies. In polymers, nee-

dle-like morphologies have been observed in poly-

propylene but these are a result of specific epitaxial

growth conditions [67, 68], which are not relevant to

the current study. Shibkov and coworkers have

reported similar morphologies in studies of ice crys-

tals growing from supercooled water [57]. Ice is

similar to polymer lamellae in that the crystals often

grow in two-dimensions (in the basal plane) with a

large anisotropy in the molecular attachment kinetics.

In our studies, the needles’ sidebranching and spatial

density increases with increasing undercooling, as also

reported by Shibkov et al. [57]. The flipping of the

D90/DBM boundary between Figs. 3 and 4 may

indicate that the needles are kinetic dendrites while

the D90 morphology is governed by the surface

tension. A similar explanation was proposed by

Shibkov for supercooled water [11, 57]. More studies

of similar materials would be useful to determine if

the needle morphology is common in materials with

large anisotropies of attachment kinetics or if the two-

dimensionality of the crystal is critical for the obser-

vation of the needle morphology.

Stacked-needles (SN)

The stacked-needle morphology is observed at slightly

higher temperatures than the needle morphology. This

morphology is rarely discussed in crystallization

experiments. Keith reported crystal aggregates in thin

films of isotactic polystyrene that appear somewhat

similar to the SN morphology but no mechanism for

their formation was described [see Fig. 4 in ref. 48]. We

speculate that this morphology is comprised of needles

tilted toward the film surface and hope to conduct

detailed X-ray diffraction experiments in the future to

resolve this issue.

Dense-branched morphology (DBM)

In theoretical studies of crystal morphologies, DBM is

normally observed at large undercooling and/or small

anisotropy of the surface energy [69]. Xu and cowork-

ers have suggested that the observation of DBM in

isotactic polystyrene is a result of the decrease in the

anisotropy associated with the large undercooling [70].

Ben-Jacob and coworkers have also indicated that the

anisotropy of the surface energy in polymeric mate-

rials is very small, resulting in DBM rather than

dendrites [36]. Since DBM is frequently observed

during crystallization of thin polymer films, such a

mechanism for DBM formation is indeed plausible.

However, such a suggestion relies on the existence of

a mechanism that reduces the anisotropy of molecular

attachment. This anisotropy is required to stabilize

faceted interfaces normally associated with polymer

crystallization. In the present case, this mechanism

may be related to the rejection of PMMA from the

interface [24, 62].

In addition, noise may play an important role for the

development of DBM and destabilization of dendritic

morphologies, given that we observe DBM in situations

where the noise level is expected to be large (high PEO

content blend with low Tg). This suggestion has been

frequently proposed in theoretical treatments and can

not be ruled out [69, 71].

Dendrites (D)

Dendritic growth in polymers has also been reported in

highly constrained environments [30, 31, 34, 35];

however, these dendritic morphologies are reported

much less frequently than DBM. This observation is

initially surprising given that dendrites are considered

to be the normal mode of pattern formation in metallic

and small molecule systems. For reasons already

discussed, DBM is expected to be the general mode

of crystallization in thin polymer films, with dendrites

occurring only under the proper growth environments

(low noise levels and slow crystal growth).

The transition from 45 to 90� sidebranching with

increasing undercooling is not well understood in this

123

J Mater Sci (2007) 42:4521–4529 4527



system, but may be related to the (010)/(120) growth

front transition noted by Marentette et al. [72].

Another possibility is the competition between surface

tension anisotropy and anisotropy in molecular attach-

ment kinetics as discussed by Liu and Goldenfeld [73].

This competition will be described in more detail in a

subsequent publication [74].

Conclusions

The effects of blend composition, PMMA molar mass,

and crystallization temperature on the observed crystal

morphology have been studied in thin film blends of

PEO/PMMA. A number of morphologies have been

reported, including dendrites (D), dense-branched

morphology (DBM), needles (N), and stacked-needles

(SN). Morphological maps demonstrating the roles of

the various control parameters (blend composition,

PMMA molar mass, and crystallization temperature)

on the observed morphology are reported. The blend

composition, undercooling, and to a minor extent the

PMMA molar mass play important roles in morpho-

logical selection. The needle and stacked-needle mor-

phologies are reported for the first time in this system.

In addition, a change in the direction of sidebranching

for dendritic crystals has been observed. These results

provide a number of immediate directions for detailed

studies of dendritic growth and morphological transi-

tions in polymeric systems.
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