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ABSTRACT: The crystallization behavior of high-density polyethylene (HDPE) on highly
oriented isotactic polypropylene (iPP) at elevated temperatures (e.g., from 125 to
1287C), was studied using transmission electron microscopy and electron diffraction.
The results show that epitaxial crystallization of HDPE on the highly oriented iPP
substrates occurs only in a thin layer which is in direct contact with the iPP substrate,
when the HDPE is crystallized from the melt on the oriented iPP substrates at 1257C.
The critical layer thickness of the epitaxially crystallized HDPE is not more than 30
nm when the HDPE is isothermally crystallized on the oriented iPP substrates at
1257C. When the crystallization temperature is above 1257C, the HDPE crystallizes in
the form of crystalline aggregates and a few individual crystalline lamellae. But both
the crystalline aggregates and the individual crystalline lamellae have no epitaxial
orientation relationship with the iPP substrate. This means that there exists a critical
crystallization temperature for the occurrence of epitaxial crystallization of HDPE on
the melt-drawn oriented iPP substrates (i.e., 1257C). q 1997 John Wiley & Sons, Inc. J
Appl Polym Sci 66: 2029–2034, 1997

INTRODUCTION der Waals forces, good adhesion is obtained be-
tween the components.4 Additionally, the special
structure has led to the peculiar properties, suchEpitaxy is defined, most generally, as the crystals
as the synergism of the mechanical properties ofof one phase (guest crystal) growing on the sur-
the blends or complex films. Therefore, epitaxialface of a crystal of another phase (host crystal)
interaction may provide a valuable way for im-in one or more strictly defined crystallographic
proving the mechanical property of noncompati-orientations.1 In the past 10 years, increasing in-
ble polymer blends. In regard to this aspect, ki-terest has been seen in studying heteroepitaxy
netic studies of the epitaxial process are of greatbetween polymers because of the unusual crystal-
importance for its processing.line morphologies. It was found that epitaxial in-

Among the studies of polymer heteroepitaxy,terfaces between noncompatible semicrystalline
the epitaxial crystallization between zigzag chainpolymers can be formed.2,3 Because the epitaxial
polymers [such as polyethylene (PE), polyesters,interfaces between polymers are bonded by van
and polyamides] and helical chain polymers [such
as isotatic polypropylene (iPP) as well as syndio-
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kinetics.18–20 The kinetic study of the PE/iPP sys-
tem indicated that the epitaxial crystallization of
PE on the highly oriented iPP substrates can oc-
cur only in a thin layer contacted directly with
the iPP substrates. The critical epitaxial layer
thickness depends not only on the branching of
the PE samples,19 but also on its crystallization
temperature.20 It decreases from ca. 250 nm,
when the layered high-density polyethylene
(HDPE)/iPP films were heated to 1507C for 10
min and then cooled directly to room temperature
on air, to ca. 80 nm, when the HDPE was isother-
mally crystallized from the melt on the iPP ori-
ented films at 1247C. Also, 1247C was the highest

Figure 1 BF electron micrograph and electron dif-
temperature performed for the HDPE/iPP epi- fraction pattern (inset) of highly oriented iPP substrate
taxial system until now. The purpose of this arti- films, which have been annealed at 1507C for 30 min.
cle was to present some experimental results The arrow shows the drawing direction of the film.
about HDPE isothermally crystallized on the
highly oriented iPP substrates at temperatures
above 1247C. 1287C), and crystallized isothermally at those

temperatures for 5 h. The above thermal treat-
ment of the samples were carried out in a DSC

EXPERIMENTAL (TA DSC 2910) apparatus in order to obtain an
accurate temperature ({0.17C). After heat treat-

The polymers used in this work were isotactic ment, the double-layered films were used for TEM
polypropylene (iPP) and high-density polyethyl- observation with the electron beam perpendicular
ene HDPE, (type Novolene and Lupolen 6021 DX, to the film plane. A Philips CM200 TEM operated
both from BASF Ludwigshafen, Germany). Uni- at 200 kV was used in this study. Brightfield (BF)
axially oriented thin films of iPP and HDPE were micrographs were obtained by the defocus of the
prepared according to a melt-drawn technique in- objective lens. To minimize radiation damage of
troduced by Petermann and Gohil.21 According to the polymer samples caused by the electron beam,
this method, a small amount of a 0.5% solution of focusing of the sample was carried out on one area
the polymer (iPP or HDPE) in xylene was poured and the specimen film was then transferred to its
and uniformly spread on a preheated glass slide, adjacent undamaged area and the image recorded
where the solvent was allowed to evaporate. After immediately.
the evaporation of the solvent, the remaining thin
polymer film was then picked up by a motor-
driven cylinder with a drawing speed of approxi- RESULTS AND DISCUSSION
mately 20 cm/s. The temperatures for preparing
the melt-drawn iPP and HDPE films were 140 and Morphologies of the iPP Oriented Films
1257C, respectively. The resulting highly oriented
films of 30–50 nm thickness were mounted onto Figure 1 shows a BF electron micrograph of the

highly oriented iPP substrate films. The arrow incopper grids and directly used for transmission
electron microscopy (TEM) observations. The the micrograph indicates the drawing direction of

the film during preparation. The dark lines repre-double-layered HDPE/iPP films were prepared as
follows: The highly oriented thin HDPE films sent the iPP crystalline lamellae, while the bright

regions between the crystalline lamellae revealwere floated on the surface of distilled water and
transferred onto the TEM grids, which were cov- the amorphous areas. It can be clearly seen that

the iPP crystals are now oriented with their la-ered by the highly oriented iPP films. The double-
layered films were then heated to 1507C (above mellae aligned perpendicular to the drawing di-

rection. The average thickness of their lamellaethe Tm of the HDPE, but below the Tm of iPP
oriented films) for 10 min, cooled slowly (at a rate is about 15 nm. The corresponding electron dif-

fraction pattern (inset of Fig. 1) confirms that theof 0.17C/min) to the desired temperatures (125–
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substrate and creates a cross-hatched lamellar
structure with their lamellae {407 apart from the
chain direction of the iPP substrate. But in the
region with a thicker HDPE film (about 50 nm)
(upper-right corner of Fig. 2), no epitaxial rela-
tionship between HDPE and the oriented iPP sub-
strate can be observed. The HDPE crystals are
randomly oriented.

The corresponding electron diffraction patterns
taken in the different areas of Figure 2 are shown
in Figure 3. In the electron diffraction pattern
corresponding to the lower-left corner of Figure
2, except for the electron diffraction spots of the
oriented iPP substrate, there are two sets of

Figure 2 BF electron micrograph of HDPE/iPP dou- HDPE reflection spots, each having a single crys-
ble-layered films, which were heat-treated at 1507C for talline orientation with [020] and [002] lattice
10 min, cooled at a rate of 0.17C/min to 1257C, then directions in the film plane [Fig. 3(a)] . The angle
crystallized isothermally at this temperature for 5 h, between the [002]HDPE direction and chain direc-
and finally cooled at a rate of 107C/min to room temper-

tion of the iPP substrate is 507. This confirms thatature in air. The molecular direction of the iPP sub-
the HDPE crystals grow epitaxially on the ori-strate is indicated by an arrow.

melt-drawn iPP films exhibit a high degree of
chain-axis orientation.

Oriented HDPE films were used, as the films
exhibit uniform thickness in comparison to the
solution-cast films. Their morphologies are de-
scribed elsewhere,14 but are not important in the
context of this investigation, because they are
heated above the melting point of the HDPE and
used as a thin molten film, whose crystallization
behavior on the oriented iPP substrate was inves-
tigated.

Isothermal Crystallization of HDPE on the
Oriented iPP Films at 1257C

Figure 2 shows the BF electron micrograph of an
HDPE/iPP double-layered film, which was heat-
treated at 1507C for 10 min, cooled at a rate of
0.17C/min to 1257C, and crystallized isothermally
at this temperature for 5 h. The underlying iPP
substrate is covered by the HDPE film. However,
there are some areas, in which no HDPE films
exist, where the highly oriented iPP substrate can
be clearly seen, as indicated by the ellipses. The
molecular direction of the iPP substrate is indi-
cated by an arrow. Now, two kinds of morpholog-
ies of HDPE crystals are observed. In the area Figure 3 The corresponding electron diffraction pat-
with very thin HDPE film (not more than 30 nm), tern of HDPE/iPP double-layered films taken in differ-
as shown in the lower-left corner of Figure 2, the ent areas of Figure 2: (a) of the lower-left corner and

(b) of the upper-right corner.HDPE crystallizes epitaxially on the oriented iPP
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ented iPP substrate with the (100)HDPE lattice
plane being in contact with the iPP substrate and
the chain directions being {507 apart from the
molecular direction of the iPP substrate. This
kind of epitaxy has been explained in terms of
the parallel alignment of HDPE chains onto the
oblique methyl group rows in the lateral ac con-
tact plane of iPP with a 0.5 nm intermolecular
distance for a chain-row matching.15 The electron
diffraction pattern taken in the area of the upper-
right corner of Figure 2 shows several discontinu-
ous Debye–Scherrer rings of HDPE crystals su-
perimposed on the well-oriented iPP reflections
[Fig. 3(b)] , but the arrangements of HDPE crys-
tals are not epitaxially oriented as in Figure 3(a).
This is in accordance with the BF observations.

The above results confirm our previous obser-
vations,19,20 i.e., that the epitaxial crystallization
of HDPE on the oriented iPP substrate occurs only
in a certain layer which is in direct contact with
the iPP substrate surface and that the epitaxial
layer thickness of HDPE crystals decreases con-
siderably with increase of the crystallization tem-
perature. When the HDPE is isothermally crystal-
lized from the melt on the oriented iPP substrate
at 1257C, the critical epitaxial layer thickness re-
duces to less than 30 nm. The HDPE crystals Figure 4 (a) BF electron micrograph and (b) the cor-
formed from the melt beyond the above-men- responding electron diffraction pattern of HDPE/iPP
tioned critical layer have no epitaxial relationship double-layered films, which were heated to 1507C for

10 min, then crystallized isothermally at 1267C for 5 hwith respect to the iPP substrate.
and finally cooled to room temperature. The molecular
direction of the iPP substrate is indicated by an arrow.

Isothermal Crystallization of HDPE on the
Oriented iPP Films at Temperatures Above 1257C

Figure 4(a) shows the BF electron micrograph
of an HDPE/iPP double-layered film, which was sponding electron diffraction [Fig. 4(b)] further

proves that there is no epitaxial relationship be-heat-treated at 1507C for 10 min and subse-
quently crystallized isothermally at 1267C for 5 tween the HDPE crystals and the iPP substrate.

The same results were obtained by heating theh. Obviously, the HDPE crystals are now more
randomly dispersed on the iPP substrate. In the HDPE/iPP double-layered films to 1507C for 10

min and then crystallizing them isothermally atbright regions where no HDPE crystals exist, the
parallel aligned crystalline lamellae of the iPP 1287C for 5 h.

From the above observations, it can be con-substrate are clearly visible and the chain direc-
tion of the iPP substrate is indicated by an arrow. cluded that there is a critical crystallization tem-

perature for the occurrence of epitaxial crystalli-The HDPE crystals exhibit now mainly large crys-
talline aggregates with random orientation, even zation of HDPE on the oriented iPP substrate, i.e.,

1257C. At the critical crystallization temperature,in the area with the very thin HDPE part, where
the underlying parallel aligned iPP crystals can the critical layer thickness of the epitaxially crys-

tallized HDPE crystals on the oriented iPP sub-be seen through the overlying HDPE crystals. A
few individual HDPE lamellae can be identified, strates is about 30 nm or less, while above the

critical crystallization temperature, no epitaxialhaving an average thickness of about 25 nm.
These lamellae have also no epitaxial orientation crystallization of HDPE on the oriented iPP sub-

strates takes place.relationship with the iPP substrate. The corre-
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These results are so far surprising, as epitaxial relationship between HDPE and iPP at all. This
leads to the conclusion that there is a critical crys-crystallization is expected to form most efficiently

at low supercoolings according to the traditional tallization temperature for the occurrence of poly-
mer heteroepitaxy. For the HDPE/iPP epitaxiallattice matching theory. In comparing the crystal

thickness of HDPE and iPP, we can notice that, system, the critical crystallization temperature
was demonstrated to be 1257C when the iPP ori-besides the large crystalline aggregates, even the

individual HDPE lamellae are much thicker than ented films with lamellae of about 15 nm thick
were used as the substrates. In crystallizing theare the crystal lamellae of the iPP substrate. Ac-

cording to the arguments of Greso and Phillips22 HDPE melt on this kind of iPP substrates at tem-
peratures above the aforementioned critical tem-that epitaxy can occur only when the crystal di-

mension of the substrate in the matching direc- perature, i.e., 1257C, no epitaxial crystallization
of the HDPE on the oriented iPP film can be ob-tion is larger than the critical nucleus size of the

deposit crystal, which has a similar size to that of served. But as the critical temperature depends
only on the substrate crystal dimensions and criti-the lamellar thickness, we can explain the above

obtained results. The lamellar thickness of the cal nucleus size of the layered crystals, this tem-
perature may change through using differentiPP substrate measured from Figure 4 is about

15 nm. Therefore, the dimension of the iPP crys- preparation conditions for the substrate iPP
films or different HDPE materials, such astals in the matching direction is about 15 nm/cos

507 É 23 nm. To fit the requirement deduced by branched PE.
Greso and Phillips, the dimension of epitaxial
HDPE crystals, i.e., the lamellar thickness, The financial support of Max-Planck-Gesellschaft as
should be equal to or smaller than 23 nm. As the well as of the National Key Projects of Fundamental

Research, ‘‘Macromolecular Condensed State,’’ of thelamellar thickness of the HDPE crystals (about
State Science and Technology Commission of China are25 nm) is thicker than is the lamellar thickness
gratefully acknowledged. Thanks are also extended toof the iPP substrate in the matching direction, no
Prof. Dr. J. Petermann for his useful discussion duringepitaxy of HDPE on the oriented iPP substrate
the conduction of the experiments and the formation ofcan occur.23

this article.It should be pointed out that the aforemen-
tioned critical crystallization temperature, i.e.,
1257C, is obtained when the melt-drawn iPP films
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