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Abstract The morphology of high- 
modulus carbon-fiber (HM-CF) 
reinforced isotactic polypropylene 
(iPP) was investigated for the first 
time by atomic force microscopy 
(AFM) using chemically etched 
specimens. The images exhibited ~- 
transcrystalline morphology for 
samples crystallized from quiescent 
melts, nucleated by HM-CF. In melts 
sheared by fiber pulling, ~fi-cylindritic 
columnar morphology was observed 
in agreement with earlier tbermo- 
optical studies. AFM images in the 
interfacial region of the fi-cylindrites 
unveiled fine morphological details 

of ~-row nuclei. Based on the 
observations, we concluded that in 
/3-cylindrites, the lamellar growth in 
~-row nuclei occurs during epitaxial 
crystallization on bundles of extended 
iPP chains which form during shear- 
ing of the polymer matrix by fiber pull. 
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Introduction 

Contact between surfaces of solids and crystallizing poly- 
mer melts can significantly enhance nucleation density. 
When there is high nucleation density at the melt solid 
interface, the growth of lamellae is restricted in the lateral 
directions by neighboring entities. The growth direction of 
such surface nucleated crystals is normal to the surface 
whereas the polymer chain axis direction is usually parallel 
with the surface. In such cases, a transcrystalline morpho- 
logy develops, first described for polymers by Jenckel [1]. 
Transcrystalline regions can also form when isotactic poly- 
propylene (iPP) crystallizes in contact with graphite and 
other fibers with ~-nucleating ability [2 7]. 

Fiber-reinforced thermoplastic polymers with trans- 
crystallinity have attracted considerable attention because 
of their potentially interesting physical properties. The 

possibility exists that in terms of toughness, resistance to 
crack propagation, strength, and stiffness, these polymer 
systems may outperform samples/products made from the 
pure polymer matrix [8]. Despite extensive research, the 
exact mechanism of transcrystallization is not clearly 
understood. It appears that a large variety of parameters 
may influence the ability of a surface to nucleate transcrys- 
talline growth. For isotactic polypropylene, the influences 
of fiber type, crystallization temperature, interfacial stress, 
cooling rate, fiber properties and polymer molar mass 
have been investigated [3-11]. It was shown by Gray [10] 
that mechanical stress near the glass polymer interface in 
glass fiber containing iPP melt can lead to the formation of 
transcrystalline-like structures, even when transcrystalliz- 
ation at the surface of quiescent glass fibers was not 
observed. The supermolecular structure in the vicinity 
of the sheared layer was found to be rich in/~-modification 
of iPP (/LiPP) [5, 6,9]. In recent papers, Varga and 
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Karger-Kocsis reported on the results of a thermo-optical 
study aimed at imaging interfacial morphologies in car- 
bon-fiber reinforced iPP [5, 6]. The results of this work 
demonstrated that in quiescent melts, a-transcrystalline 
morphology is induced by high-modulus carbon fibers 
(HM-CF). In melts sheared by fiber pulling, a polymor- 
phic, columnar morphology can form around the fiber. 
The growth and structural details of this morphology will 
depend on the shear, and crystallization, temperatures. 
The supermolecular structure was reported as being 
the a form near the fiber-polymer interface. At this 
interface, an overgrowth of the /3-modification was ob- 
served for temperatures T~ < T~ < Tpu H < Tp~, where 
T~p ( ~110 ~ and Tp~ ( ~140 cC) are the lower and upper 
temperature limits of formation of the /3-modification 
[12], T~ is the crystallization temperature, and Tpull is the 
fiber pulling temperature. Varga and Karger-Kocsis 
suggested a model which explains the formation of this 
polymorphic structure. The authors assumed that the 
mechanical stress in the vicinity of the pulled fiber induces 
the formation of e-row nuclei in the melt. At the surface of 
these a-row nuclei, it is highly probable that fl-nuclei will 
from (aft secondary nucleation). Further growth of the 
front of the :~-phase (which originates at the :~-row nuclei) 
will eventually be blocked by /3-modification growth 
(which is initiated by aft secondary nucleation), due to the 
higher growth rate of the/3-phase. Thus, the a-phase will 
be confined in the vicinity of the pulled fiber, and will be 
surrounded by material crystallized in the/3-phase. Varga 
and Karger-Kocsis pointed out in refs. [5, 6] and [11] that 
while a-transcrystallization involves heterogeneous nu- 
cleation at the fiber interface, the formation of cylindritic 
crystallization cannot be considered to be a heterogeneous 
nucleation process. In the latter, the growth of the 
cylindrites is induced by the row-nuclei formed upon 
mechanical stress, and thus it is a homogeneous nucleation 
process. 

Thermo-optical studies allowed us to identify the ~- 
phase forming at the polymer-HM-CF interface, but, be- 
cause of limited resolution, morphological details of the 
a-phase could not be observed. In the present paper, we 
report on the first atomic force microscopy (AFM) studies 
of a-transcrystalline and cylindritic morphologies ob- 
served in HM-CF reinforced iPP. 

with a weight average molar mass ofMw = 5.2 x l0 s g/tool 
and a number average molar mass of Mn = 3.1x 
104 g/tool. The melt flow index of the polymer was found 
to be 4 g/10 rain at 230 "C and 21.2 N load [1]. 

Specimen preparation 

A single HM carbon fiber was placed between two iPP 
films and was melted at 220 ~ for 5 rain. After remelting 
the sample at 220~ in a hot stage (Mettler FP82), the 
specimen was quickly cooled (at a rate of ca. 8 ~ to 
the isothermal crystallization temperature To. The carbon 
fiber was then pulled manually at To, always between 
T~ and T~. Further details concerning sample prepara- 
tion have been described in previous papers [5, 6, 11]. 

In order to study the interface of HM-CF/iPP com- 
posites by AFM, the surface of the interfacial region must 
be exposed to the AFM-probe nanotip. In the present 
work this was achieved by removing the top layer of iPP 
with a permanganic etchant [13]. The permanganic 
etchant solution used consisted of 0.7% w/v of potassium 
permanganate in a mixture of sulfuric acid (95 97%, 
Merck) and phosphoric acid (85%, Aldrich) in the vol- 
umetric ratio of 2: l. The following etching procedure was 
applied. 

Specimens were etched in 0.7% w/v of the permanga- 
nic solution at room temperature typically over 5 h. The 
etched samples were washed with a diluted sulfuric acid in 
the volume ratio of 2:7 in distilled water, which was cooled 
to near the freezing point with ice to prevent the heat of 
dilution of the original acids from affecting the sample 
surface. This solution was subsequently decanted. The 
samples were then washed with hydrogen peroxide (35%) 
to reduce any remaining manganese dioxide or permanga- 
nate. The final step was to wash the sample(s) several times 
with distilled water, and finally with acetone. An advant- 
age of etching, in addition to "developing" the interface 
morphology, is that the amorphous matrix is removed 
much faster than the crystalline component. This will 
reveal the fine details of the lamellae at the sample surface. 

Equipment 

Materials 

The reinforcement used was a pitch-based, ribbon-like 
high modulus carbon fiber produced at Clemson Univer- 
sity by Prof. D.D. Edie [5]. The isotactic polypropylene 
(iPP) was of general purpose injection-molding grade 
(Tipplen H-523, Tisza Chemical Works Ltd, Hungary) 

A Leitz Dialux 20 polarizing optical microscope, equipped 
with a Mettler FP 82 hot stage, was used for thermo- 
optical studies. Optical micrographs were obtained by 
using crossed polarizers in the usual fashion. Atomic force 
microscopy (AFM) was performed in the contact mode by 
using a NanoScope III setup manufactured by Digital 
Instruments, Santa Barbara, CA, USA. The deflection of 
the cantilever was kept constant during scanning, i.e., the 
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height of the specimens is shown in the force microscopy 
images. Images were taken in air at room temperature 
using a D-scanner and NanoProbe Si3N4 microcantilevers 
with short, thin legs (100/~m triangular cantilevers with an 
efffective spring constant of 0.38 N/m). The scanning fre- 
quency was 2 3 Hz, and all images shown were captured 
without the use of image filtering. 

Results and discussion 

The micrographs in Figs. 1, 2A and 2B, obtained by op- 
tical polarizing microscopy, exhibit the basic features of 
a-transcrystallinity (Fig. 1) and shear induced, row-nu- 
cleated cylindritic morphology (Figs. 2A and B). 

In Fig. 1, the strong ability of the HM-CF to induce 
a-transcrystallization in quiescent melts of iPP is evident. 
Well-developed a-type spherulites in the partially crystal- 
lized polymer melt are also visible. 

The effect of pulling the HM-CF in the melt, and the 
subsequent crystallization at the temperature of 135 ~ is 
shown in Fig. 2A. The features of a typical fl-cylindritic 
morphology grown around the fiber can be clearly seen. It 
should be mentioned that the crystallization, and the pull- 
ing were done at the same temperature, 135 ~C, which lies 
between the T ~ l l 0 ~  and T~ ~140~ Within the 
strongly birefringent/?-cylindritic structure, banded areas 
with low birefringence (arranged cylindrically with the 
carbon fiber in the axis, at ca. 2/3 of the total radius of the 
fi-cylindrite) indicate the presence of banded lamellae in 
the fl-phase (see Fig. 2A). In Fig. 2A, near the center of 
the left edge of the micrograph, a highly Nrefringent 
fl-spherulite is visible. The /#phase in the specimen was 
selectively "melted out" during heating at a temperature of 
158 ~ The resulting morphology is shown in Fig. 2B. The 
fl-spherulite, visible in Fig. 2A at the left edge, as well as the 
/?-overgrowth in the cylindrite, vanished during heating, 
and only the a-crystalline regions remained unchanged. 

As was established earlier [5, 6], the growth of the 
/?-columnar structure in /?-cylindrites is induced by sec- 
ondary a/?-nucleation on a-row nuclei. Following the se- 
lective melt-out of the fi-phase, the c~-phase, in the form of 
a sawtooth-like pattern at the interface of the HM-CF, is 
clearly visible in Fig. 2B. It is worthwhile mentioning that 
hot stage optical and scanning electron microscopy studies 
of the transcrystalline morphology of iPP in the presence 
of polyimide (PI) fibers [7] reported on observations of 
cross-hatched lamellar structures. The morphological 
architecture depends on the type of fiber used. In this work 
a model was postulated assuming epitaxial crystallization 
on regions of the PI fibers containing extended chains. 

Due to the limited resolution of optical microscopy, 
fine morphological details at the fiber-polymer interface 

Fig. 1 :~-transcrystalline morphology (optical micrograph) induced 
by a HM carbon fiber in iPP melt at Tc = 408 K 

Fig. 2A fl-cylindritic morphology (optical micrograph) induced by 
pulling of a HM-carbon fiber in iPP melt (pulling and crystallization 
at T~ = Tvull = 408 K); B Same area as shown in Fig. 2A (optical 
micrograph) after selective melting of the fl-phase at Tf = 431 K. The 
"'saw-tooth" like a-phase inclusion, which grew on or-row nuclei, is 
clearly visible 
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Fig. 4A A close-up oflamellar growth (AFM micrograph) nucleated 
at the surface of the HM carbon fiber which was used to nucleate 
x-transcrystalline morphology. The fiber-polymer interface is 
located near the bottom edge of the irnage. Scan size: 40 ~m x 40 l~m; 
B A close-up of x-row nuclei (lower-half) and fi-phase lamellae 
(upper-half) of the/3-cylindritic morphology (AFM micrograph) for- 
med at the surface of the HM carbon fiber pulled in the polymer melt. 
The fiber polymer interface is located near the bottom edge of the 
image. Scan size: 40/Lm x 40 l~m 

Fig. 3A AFM image of the etched specimen (:~-transcrystaltine mor- 
phology) shown in Fig. 1. Scan size: 100 #mx 100 l~m; B AFM im- 
age of the etched specimen (fl-cylindritic morphology) shown in 
Fig. 2A. Scan size: 100 llm x 100/~m 

cannot be captured with high resolution. In previous stud- 
ies atomic force microscopy [14] was used to study the 
lamellar morphology ofisotropic iPP films [15], as well as 
the microfibrillar morphology and the polymer architec- 
ture of uniaxially stretched iPP rods, the latter with true 
molecular resolution [16]. In order to study the morpho-  
logy at the fiber polymer interface, we performed AFM 
imaging on the specimens shown in Figs. 1, 2A and B. 

Prior to imaging, the surfaces of the specimens were 

etched. 
Figures 3A and B display (100/~m) 2 scans: Fig. 3A 

displays the :~-transcrystalline morphology, and Fig. 3B 
shows the fl-cylindritic structure. In both cases the fiber is 
(nearly) horizontal, at ca. �89 height of the image. It is known 
that AFM is not well suited to image rough surfaces or 
steep/deep features. During the etching process, "deep" 
grooves and a rough, uneven surface were formed in the 
fiber region of the sample, and thus, the corresponding 
AFM images are inconclusive. Nevertheless, above and 
below the fiber region, the surface morphology of the 
samples is clearly visible and well-resolved. 
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Fig. 5 Surface plot of an AFM image showing true "three-dimen- 
sional" topology of the /~-phase lamellae and the ~-row nuclei in 
/#cylindritic morphology. One division in the vertical axis corre- 
sponds to 1.5/xm. Scan size: 801~m x 80#m: (1) :~-row nucleated 
structure; (2) [;~ ~ impingement line; (3) ~ inclusion 

The basic morphological features observed in Figs. 3A 
and B are similar to the images obtained by optical 
microscopy: the lamellar transcrystalline structure origin- 
ating from the fiber interface is obvious in Fig. 3A (quiesc- 
ent melt), while features of the fi-cylindritic structure can 
be clearly seen in Fig. 3B. The same structures are shown 
in Figs. 4A and B, with scans depicting (40/xm) 2 areas near 
the interface of the fibers. The interface itself is located at 
the bottom of the micrographs (the fiber itself is not 
shown). During etching, many scattered, "pock-mark"-like 
artifacts were formed, probably due to the water content of 
the acid which was used. These sample preparation arti- 
facts are clearly visible, especially in the :~-transcrystalline 
structures shown in Figs. 3A and 4A. 

It must be noted at this juncture that the AFM images 
shown here cannot be used to identify the crystal phase of 
the polypropylene imaged. This can, however, be achieved 
with high-resolution AFM scans, as discussed in ref. [ t5].  
In the present study, evidence for the identification of the 
phases comes from the birefringence observed in the op- 
tical micrographs. 

Figure 5 shows a perspective, quasi-three-dimensional 
surface plot of the fi-cylindritic morphology. The vertical 
scale in this picture corresponds to 1.5 Ftm per division (as 
opposed to the 20/xm per division for the horizontal x and 
y axes), i.e., the surface morphological features are empha- 
sized in the vertical direction. Near the bottom edge (at 
the fiber-polymer interface), x-row nuclei are depicted. 

Fig. 6 A close-up of ~-row nuclei in a/~-cylindritic structure. AFM 
image, scan size: 15/~m x 15 t~m 

Non-crystallographic branching, and impingement lines in 
the growth direction within the/3-columnar phase, can be 
clearly seen. 

In Fig. 6, we show the interfacial region near the 
fiber-melt interface with a magnification significantly 
higher than the resolution limit of optical microscopy 
(scan size: 15/xm x 15/Lm). As has been established earlier, 
this region contains the x-phase of iPP and corresponds to 
the x-row nuclei. The shear direction in the melt during the 
pulling of the HM-CF was nearly horizontal. Clear fea- 
tures at angles between 5 ~ and 15 ~, i.e. essentially parallel 
with the shear, can be distinguished in Fig. 6. Overgrowth 
of lamellar bundles in the shear-perpendicular (nearly 
veritcal) direction can also be clearly seen. These features, 
resolved for the first time, yield valuable information re- 
garding the x-row nucleation mechanism. 

In the early pioneering work of Keller [17] it was 
shown that for polyethylene, as a representative example, 
crystallization under stress results in lamellar crystal 
growth in directions normal to the direction of the me- 
chanical stress. The alignment and twist of the lamellae, as 
well as the nucleation density, were found to depend on the 
stress. The model of Keller was tested and found to be true 
for other polymers. Therefore, this model can also be 
applied to the formation of the x-row nuclei depicted in 
Fig. 6. Based on this model, and on the morphology 
shown in Fig. 6, it can be postulated that in/~-cylindrites, 
the lamellar growth in x-row nuclei occurs during epitaxial 
crystallization on bundles of extended PP chains which 
form during shearing of the polymer matrix by the fiber 



186 Colloid & Polymer Science, Vol. 275, No. 2 (1997) 
{~ SteinkopffVerlag 1997 

pull. A scheme showing the nucleation and the growth 
geometry is given in ref. [6], Fig. 3. 

According to this model, the nearly horizontal features 
in Fig. 6 correspond to underlying bundles of extended 
chains, on which the overgrowth of twisted lamellae oc- 
curs. These lamellae serve as the self-nuclei for/3, as well as 
for ~ lamellae observed in the/3-cylindritic morphology in 
the vicinity of the fiber. Because the growth of the/3-phase 

at temperatures between T~p and Tp~ is faster than the 
growth of the a-modification [-12], the a-modification is 
eventually phased out (see saw-tooth a-structure in 
Fig. 2B). 
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