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SYNOPSIS

The skin-core morphology of injection-molded polypropylene bars has been investigated
employing X-ray small- and wide-angle scattering. The small-angle scattering has been
evaluated by means of interface distribution functions. It is found that skin and core exhibit
different morphologies. In the skin, the crystal lamellae are oriented primarily around the
¢ axis, but a (small) fraction of a*-axis-oriented lamellae also exists. The lamellar thickness
in the skin layer measured from the meridional small-angle X-ray scattering shows higher
values than in the core. The composition of the monoclinic a1, @y crystal modifications
show dependencies that are typical for the cooling conditions in the mold during injection.
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INTRODUCTION

When a polypropylene melt is injected into a mold,
a complicated morphology is observed that is often
the reason for unfavorable mechanical proper-
ties.'™ Due to flow and cooling conditions during
the injection a sandwich structure ensues that can
be roughly separated into three layers': a skin layer,
which under the polarization microscope seems to
be “structureless,” a spherulitic core, and a “tran-
sition zone” between these two layers. A number of
ingestivations 2™ showed, that the layer structure is
far more complicated and that the skin layer is com-
posed of fibrillar crystals with lamellar overgrowth.
The thickness of this layer is controlled by the shear
conditions during the mold filling process and varies
along the flow path. The crystal orientation and the
superstructure of skin and core layers in polypro-
pylene injection-molded parts has been extensively
investigated by Clark and Spruiell® and by Fujiyama,
Wakino, and Kawasaki.® Both studies find a bimodal
orientation of the unit cell in both the skin and core
layer. From small-angle X-ray investigations Fuji-
yama et al.? conclude that the a*-axis-oriented la-
mellae are “less perfect” than the c¢-axis-oriented
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lamellae and thus do not contribute to interference
effects of the small-angle X-ray scattering. This
study presents results of small-angle X-ray mea-
surements on skin and core layers of injection-
molded isotactic polypropylene parts. The scattering
curves are evaluated by means of interface distri-
bution functions.

EXPERIMENTAL

Sample Preparation

Isotactic polypropylene with a molecular weight of
M, = 287,000 was used to produce injection-molded
standard tensile bars according to DIN 53455
(length = 150 mm, thickness = 3 mm). The tem-
perature of the melt was 240°C and three sets of
samples were prepared using the mold temperatures
Tw = 60, 80, and 120°C. To investigate morpholog-
ical changes as a function of location, from some
bars segments were cut out, one segment was taken
from the center (segment 2), the other two from
both ends of the bar with a distance of 30 mm from
the center (segment 1 near the injection gate, seg-
ment 3 on the opposite side). From each segment
microtome cuts with thicknesses < 150 um were
made and the skin and core pieces were used for the
X-ray measurements.
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X-ray Experiments

Small-angle X-ray scattering curves were recorded
using a Kratky compact camera. The setting of the
camera was such that sufficiently high resolution
was ensured (entrance slit width = 30 mm, detector
slit width = 75 mm, distance sample detector slit
= 22 ¢m). The measurements were controlled by a
computer and the temperature of the cooling water
was kept constant through a constant-temperature
unit. CuKa radiation was used and monochroma-
tization was achieved by using a Ni filter in con-
junction with pulse height analysis. Each curve was
recorded several times in an angular range corre-
sponding to 0.7 X 10 nm < s < 40 X 10™* nm (s
= 2 sin O/\, 20 being the scattering angle and A
the X-ray wave length).

Flat camera exposures were taken using a Philips
PW 1012/90 camera. To determine the distance
sample to film, A, a KCl powder sample was used.
For a known spacing d; A is yielded from the equa-
tion 20 = arctan(D/2A); dpu = A/2 sin(O) where
D is the reflection diameter. For all calculations, the
following unit cell parameters were employed”®. a
modification: a = 0.663 nm, b = 0.2078 nm, ¢ = 0.650
nm, 8 = 0 99°5’; 8 modification: a = 0.1908 nm, ¢
= 0.649 nm. Wide-angle X-ray scattering curves
were measured using a Philips PW 1380 Goniometer.

meridionat

equatorial

I+U

meridional

equatorial

0 1 2 3 A
b) s/103m! ——

Figure 1l Measured small-angle X-ray scattering curves
after smoothing for Ty = 60°C, segment 1: (a) skin layer
and (b) core.
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Figure 2 Plot of Is"(s) of the scattering curves for the

skin layer [cf. Fig. 1(a)] after correction for fluctuation
scattering.

CuK,, radiation was used and monochromatization
was achieved by use of a graphite monochromator.
To determine the “order-parameter,” the composi-
tion of «;, a; monoclinic crystal modification, the
angular range 32° < 20 < 44° was measured sepa-
rately with higher resolution.

The measured small-angle scattering curves have
been smoothed® and corrected for fluctuation scat-
tering. This fluctuation intensity was assumed to be
constant, so that from the measured (slit-smeared)
intensity Ie,q,s3 a function Us? has to be subtracted.
Because for higher s values Iexps?’ becomes constant
(Porod’s law) the fluctuation scattering is subtracted
from the measured intensity in such a way, that
Ios® converges to a constant value:

const = I8 — Us® (1)

Using Porod’s law, the fit of the fluctuation intensity
to I.ps® has to be done by a vertical shift of the
funetion Us®:

Lpps® — Us* = K (2)
U=IL,—K/s® (3)
Figure 1 shows four measured and smoothed inten-

sity curves taken from skin and core layers at Ty
= 60°C (segment 1), and Figure 2 shows the same
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curves for the skin (segment 1) after correction for In7=-4%x%R%%>+1In I, (5)
fluctuation scattering.

To obtain intensity values down to s = 0, the where R, is the radius of gyration. Plotting In I ver-
intensity has to be extrapolated. This can be done sus s (Guinier plot) Eq. (5) is a straight line. The
by use of Gunier’s law: intensity can thus be easily extrapolated, and si-

multaneously the radius of gyration and the inten-
I = Iyexp(— 57%R2%s?) (4) sity at zero angle can be determined.

a) b)

c)

skin layer

flow -
direction

Figure 3 Flat camera exposures of the skin layer for the sample at Ty = 60°C, segment
1 in (a) z direction, (b) x direction, (c¢) y direction.
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Figure 4 Sketch of the reflections appearing in the ex-
posures displayed in Figure 3. The strongest reflections
due to the c-axis-oriented component are indexed. The
numbers 1, 2, and 3 mark the reflections due to the a*-
axis-oriented component.

RESULTS

Flat Camera Exposures

Figure 3 shows as an example the flat camera ex-
posures for the skin layer at Ty = 40°C (segment
1). Two types of orientations of the monoclinic
crystals can be distinguished. Figure 4 shows a
sketch of the reflections that appear in the exposures
of Figure 3. The indexed refiections are due to those
crystals whose ¢ axis is parallel to the flow direction
(x-direction in Fig. 3). The reflexions marked with
1, 2, and 3 can be attributed to crystals whose a*
axis is oriented parallel to the flow direction. This
axis is oriented perpendicular to the axes b and c.
The reflections 1, 2, and 3 can thus be identified as
the (110), (130), and (220) reflections.

Figure 5 displays exposures as a function of dis-
tance from the surface, taken in z direction (per-
pendicular to the flow direction). It is seen that the
degree of orientation decreases with distance from
the surface. The, however weak, 3 modification dis-
appears in the core.

Crystal Modification

To determine the a;, as composition in skin and
core layers, the wide-angle scattering in the angular
range 32° < 20 < 44° has been measured. Two peaks
are measured in this interval: the (171), (132),
(231), (052) peak (peak 1), and the (171), (241)
peak (peak 2).1%" While peak 1 contains the con-
tributions of both the «; and a; modifications, peak

2 is only due to the a, modification. An order pa-
rameter, R, can be defined by calculating the ratio
of the areas under peak 1 to peak 2 (cf. Fig. 6).!! In
Table I the order parameters, R, are listed.

Interface Distribution Functions

For the system given, the one-dimensional intensity
I,(s) of the small-angle X-ray scattering, which is
related to the measured intensity I(s) by I,(s)
~ $2I(s) can be calculated from the (linear) Fourier
transform of the square of the self-convolution of
the electron density distribution'?

Li(s) = Fi(ApT?) fors#0 (6)
with
Apr=pi(r) = {p) Bpi=Pi(r) (T)

where P(r) is the correlation function as defined by
Vonk and Cortleve.™

It further follows that s2I;(s) is proportional to
the Fourier transform of the second derivative of
the one-dimensional correlation function:

2
—4n?s%1(s) = Fl(a—ar-g Pl(r)) (8)

We expand P(r) and introduce the one-dimensional
equivalent of Porod’s invariant k;, and the average
chord length, d,, as defined by Ruland**:

P =k(1-gls) o
dp

By decomposing the second derivative of P, (r) into
a delta function at the origin (r = 0) and a function
g, (r) for r # 0, we get

92 2k
52 P =- d—pl 8(r) + &(r) (10)

where g, (7) is the interface distribution function.?
Using Eq. (10), Eq. (8) then becomes

47221, (s) = 2k _ G.(s) (11)
dp

where G(s) is the interference function connected
with the interface distribution function by a one-
dimensional Fourier transform:
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(a) (b)
(c) (d)
Figure 5 Flat camera exposures taken in various depths in the sample (Tw = 60°C,
segment 1): (a) skin, specimen thickness: 150 gm; (b) depth: 185 um, spec. thickness: 65
um; (c) depth: 340 um, spec. thickness: 85 um; (d) depth: 750 um, spec. thickness: 80 um.
Gi(s) = Fi[g1(r)] (12) &(r) = F'[Gi(s)] (13)

&1(r) therefore calculates from G(s) by an inverse
Fourier transform:

%6 %36 B
2@ —_—

Figure 6 Determinations of the order parameter R of
a;, ap crystal modifications. R is defined as the ratio of
the area under peak 1 to peak 2,'° peak 1 is generated by
contributions from both the a; and a; modifications and
contains indices i + k even and odd, while peak 2 is only
due to the (lower ordered) «, modification with only even
indices.

To evaluate G, (s) from the scattered intensity, the
influence of the interface between crystals and the
amorphous environment has to be corrected.
Ruland!*** as well as Koberstein, Morra, and
Stein'®!” assume a Gaussian-shaped transition of
the electron density created by the Fourier transform
of the first derivative of the electron density (which
vields positive and negative Gauss peaks on both
sides of the crystal):

Igauss= CeXD(“‘a'Sp) C,a>0 (14)

TableI Order Parameters

Skin Core
Segment 60°C 80°C 120°C 60°C 80°C 120°C
1 0.28 0.58 0.79 0.66 0.74 1.39
2 032 037 0.74 0.54 0.62 0.97
3 0.35 0.40 0.63 041 0.49 0.83
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with p = 1.81 for slit-smeared curves!” and p = 2
for unsmeared curves.!® a is calculated from

2
a= (2’;‘1’) (15)

where d, is the length of the interface. d, can be
approximated by d, ~ 3§, with { = standard devia-
tion of the electron density variation and C is ob-

tained from:18
f Is" ds
S1

C=—= (16)
f exp(—as®) ds

C is determined by fitting the curve defined by eq.
(14) in such a way that in the Porod part of the
curve (beginning at s = s;) the areas under this curve
and the curve Is"(s) are equal.!®

Because the decrease of the intensity at high s is
a measure for the deviation from Porod’s law, the
“compensation” of the decrease

Is" = C exp(—asP) (17)

yields the interface length. A plot of In (Is%) versus
518! (Koberstein—-Morra-Stein plot) is shown in
Figure 7.

As a result, we obtain the “interface corrected”
intensity from which the interference function is
calculated. This function is determined by

1672t
\%

Gi(s) = [C— Dexp(—As?) — Is®] (18)

with V the scattering volume and ¢ the average stack
height of lamellar stacks. C, D, and A are parameters
that have to be determined by fitting a base-function
(proportional to the gas scattering of the corre-
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Figure 7 Koberstein—-Morra-Stein plot of the meridi-
onal scattering of the skin layer ( Ty = 60°C, segment 1).
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Figure 8 Interface corrected intensity Is3(s) of the
meridional scattering of the skin layer (Tw = 60°C, seg-
ment 1). A base function is fitted into the curve to evaluate
the interference function.

sponding system showing only particle scatter-
ing) (cf. Fig. 8).!® Figure 9 shows an example for the
interference function.

The interface distribution function is then cal-
culated by the transform of the interference func-
tion:

&i(r)= J;w Gi(s)cos(2nrs) ds (19)

Figure 10 shows the interface distribution functions
for the samples at Tw = 60°C, segment 1. We see
that the values for interlamellar distance, lamellar
thickness, and long period can be well resolved. The
results are listed in Table 1.

DISCUSSION

The results allow a discussion of the structural
models proposed by Clark and Spruiell® and by Fu-
jivama, Wakino, and Kawasaki.® Both studies find
that in the textured skin layer the ¢ and a* axes are
oriented in flow direction. The crystal lamellae,
whose average thickness amount to 16 nm, are ori-
ented normal to this direction. Fujiyama et al.® cal-
culated orientation functions. It is found that f, is

0 0S 10 15 20 25 30
s03nm! —=

Figure 9 Interference function calculated from the
curve displayed in Figure 8.
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Figure 10 Interface distribution functions of the sam-
ples at Ty = 60°C, segment 1.

positive, f, and f¥ negative. An orientation in flow
direction of the melt should, however, give positive
values for f, and f¥. Fujiyama et al. explain this as
follows: when c-axis-oriented and a¢*-axis-oriented
components coexist, the a* axis of the c-axis-ori-
ented component and the ¢ axis of the a*-axis-ori-
ented component are perpendicular to the flow di-
rection. Therefore, on calculating orientation func-
tions, the ¢ axis of the c-axis-oriented component
and the ¢ axis of the a*-axis-oriented component
contradict each other, and the same holds for the
a* axis with respect to the ¢ axis and a* axis ori-
entation, respectively. If, as we also find in our ex-
periments, the orientation functions have different
amounts, then the signs of the functions f, and f}
are determined by a balance of the amount and ori-
entation degree of the ¢- and a*-axis components.®
This means that for the samples investigated in this
work, the orientation of the c-axis component is
higher than that of the a*-axis component.

As we learn from the flat camera exposures, the
amounts of the orientation functions of the core are
obviously smaller. Therefore, the crystal lamellae in
the core seem to be unoriented. On the other hand,
the azimuthal intensity distribution of the (110)
peaks show that f, must be positive. Therefore, also
in the core a c-axis orientation must exist. Clark *>'®
discusses a two-stage crystallization process as a re-
sult of the cooling conditions in the mold. In the
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first stage, a row structure of planar lamellae are
built, which crystallize from fibrillar nuclei. The
growth axis of these lamellae is parallel to the a*
axis. Under the assumption of regular folding, the
fold surface is the (110) plane. In the second stage,
a portion of the molecules is rejected from the grow-
ing lamellae into the interlamellar space where it
crystallizes a short time later (interlamellar trans-
crystallization). A special type of epitaxial crystal-
lization (between the folds on the primary lamellae)
causes the orientation of the chain axes of the sec-
ondary component to be perpendicular to the chain
axes of the primary component. Consequently, the
a* axis of the secondary component should be ori-
ented perpendicular to the ¢ axis of the primary
crystals, which is, as we see from the results, indeed
the case.

The small-angle X-ray patterns measured by Fu-
jiyvama et al.® show for the skin layer an orientation
in meridional direction. The patterns show no mod-
ulation of the equatorial scattering, which however,
should occur, if an a*-axis orientation is present.
The authors conclude from their findings that a*-
direction-oriented lamellae are less perfect (high
fluctuations of thickness and distance distribu-
tions). In the core an interparticulate interference
is measured in both meridional and equatorial di-
rection.

Our measurements yield a modulation of the
small-angle scattering (maxima or shoulders) for
all curves (e.g., in the skin layer for both meridional
and equatorial scattering cf. Fig. 1). This can be
interpreted as follows: The contribution to the
equatorial scattering maximum of the skin layer can
be attributed either to the a*-axis orientation (where
the lamella normals are oriented in equatorial di-
rection) or to a fluctuation of the lamella orienta-
tions around the ¢ axis. An answer is given by com-
paring the meridional and equatorial scattering of
the core: The orientation of the ¢ axes is here ap-
proximately statistical, only a very weak orientation
can be measured. The equatorial scattering should
therefore exhibit a somewhat less pronounced max-
imum than the meridional scattering and should
have (in the region of the maximum) an intensity
below that of the meridional scattering curve. An
additional a*-axis orientation should provide an
additional contribution to the scattered intensity in
this angular range. The maximum of the equatorial
scattering should therefore have a higher intensity
than the meridional scattering. Our measurements
show, however, that the intensity of the equatorial
scattering is always below that of the meridional
scattering (cf. Fig. 1). We can therefore conclude
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that the crystal lamellae in the skin layer are ori-
ented around the ¢ axis.

Another interesting result is yielded from the cal-
culation of the invariants.

Q=f0 sI(s) ds (20)

For Tw = 60°C and segment 1, we find for @ the
values 5.92 (meridional scattering) and 3.46 (equa-
torial) for the skin, and 9.79 (meridional) and 9.27
(equatorial) for the core. At Ty = 120°C, segment
1, similar values are found except for the meridional
scattering of the skin layer: skin 11.64 (meridional)
and 5.64 (equatorial), core 9.14 (meridional) and
9.19 (equatorial ). We thus find that in the skin layer
the invariants of the meridional scattering are higher
than those of the equatorial scattering, while for the
core the values for @ are similar. This means that
in the skin layer the crystallinity is considerably
smaller in equatorial direction than in meridional
direction. It also shows that the scattering in the
skin layer is generated primarily by those lamellae
that are oriented in ¢ direction and that the fraction
of a*-axis-oriented lamellae is small.

The morphological parameters (lamellar thick-
nesses, interlamellar distances, and long periods)
show for the meridional direction higher values in
the skin layer than in the core (cf. Table II) while
for the equatorial direction similar values are found.
This can hardly be explained by a uniform mor-
phology in both core and skin layer but may indicate
the presence of “shish-kebabs” in the skin as has
been proposed by Clark and Spruiell® and by Fuji-
yama et al.® An a*-axis-oriented component in the
skin layer should, however, display a morphology
that is likely to be similar to that in the core. Con-
sidering the relatively low value of the invariant for
the equatorial scattering of the skin layer, the con-
tribution of the fraction of a*-axis-oriented lamellae
is obviously small. This explains the differences of
the values of the invariants and the results of the
interface distribution function calculations.

We see that the morphology of the samples is
strongly influenced by the shear forces during the
injection of the melt. Other parameters, like the
mold temperature, are of minor influence. Lamellar
thickness, interlamellar distance, and long period
vary only slightly with mold temperature and lo-
cation (segment); obviously they are only influenced
by the cooling conditions during injection of the
melt.

The order parameter, R, designating the com-
position of «;, a, crystal modifications, appears

Table II Results from Interface Distribution
Function Calculations®

Skin Core

T, Merid. Equat. Merid. Equat.
d, 60°C Seg. 1 9.0 74 7.5 8.1
Seg. 2 7.5 9.1 7.6 7.5
80°C Seg.1 8.3 7.5 8.0 8.5
120°C  Seg. 1 10.6 10.7 7.2 10.3
Seg.2 10 74 7.5 8.4
Seg. 3 11.6 7.5 8.1 7.6
d, 60°C Seg. 1 3.1 2.1 3.8 1.8
Seg. 2 4.3 1.7 2.7 2.6
80°C Seg. 1 4.1 2.4 5.1 3.6
120°C  Seg. 1 3.6 2.0 25 2.1
Seg.2 58 1.9 2.9 2.4
Seg. 3 3.4 2.5 2.1 3.0
L 60°C Seg. 1 12.1 9.7 11.2 10.3
Seg. 2 11.9 11.1 10.4 10.1
80°C Seg. 1 12.4 10.8 13.2 11.9
120°C  Seg. 1 14.3 12.9 9.9 12.6
Seg.2  15.6 9.6 10.5 11.2
Seg. 3 15.0 10.2 10.2 10.6

* T,,, mold temperature; d., mean lamellar thickness; d,, mean
interlamellar thickness, L, long period. All numbers in nano-
meters.

higher in the core than in the skin. This is obviously
due to slower cooling of the polypropylene melt in
the core, since a higher R value means a higher “or-
der” of the monoclinic crystal structure.!®! Con-
sequently, the R value increases with the mold tem-
perature because the temperature difference between
melt and mold is smaller at higher T'y. Order pa-
rameter R also increases slightly with distance from
the injection gate (segment ). This can be understood
from two reasons: The temperature of the melt de-
creases while flowing through the mold, and the
shear forces near the wall decrease toward the end
of the mold. Consequently, the order parameter in-
creases. Concurrently, the crystallinity is found to
decrease from segment 1 to segment 3 (cf. Fig. 11).
That the shear forces have an influence on the crys-
tallinity is shown by the increase of X, from core to
skin.?*?2 Also for higher mold temperatures the
crystallinity increases due to the lower temperature
difference.

CONCLUSIONS

1. Skin and core layers in injection-molded
polypropylene contain different morpholo-
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Figure 11 Crystallinity as a function of sample segment

gies. While in the core an almost unoriented
spherulitic morphology exists, the skin ex-
hibits an oriented “shish-kebab”-type struc-
ture.

. Responsible for the skin structure are the
shear forces occurring during the injection of
the melt. These shear forces, however, are
not so high as to induce complete fibrillar
crystallization: while most of the crystal la-
mellae are oriented around the ¢ axis, there
still exists a (smaller) fraction of a*-axis-
oriented lamellae.

. The lamellar morphology in both core and
skin layer is influenced by the temperature
of the mold. The changes of the morpholog-
ical parameters, like lamellar thickness and
interlamellar distance, can be explained by
the cooling conditions of the melt during in-
jection.

. The order parameter R designating the com-
position of the monoclinic o, a; modifica-
tions, shows characteristic dependencies: The
order is higher in the core than in the skin,
and R increases with mold temperature. Also,
near the gate of the mold, R has a lower value
than on the opposite side. These dependen-
cies can all be explained by the cooling con-
ditions in the mold, since they are in good
accordance with the known annealing be-
havior of R.
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