Received: 24 March 2021

Revised: 22 May 2021

W) Check for updates

Accepted: 23 May 2021

DOI: 10.1002/app.51215

ARTICLE

Applied Polymer WILEY

Structural description of self-reinforced polypropylene

composites

Angela Ries

Faculty of Engineering and Mathematics,
Bielefeld University of Applied Sciences,
Bielefeld, Germany

Correspondence

Angela Ries, Faculty of Engineering and
Mathematics, Bielefeld University of
Applied Sciences, 33619 Bielefeld,
Germany.

Email: angela.ries@th-bielefeld.de

Abstract

Self-reinforced polypropylene composites (SR-PP) possess an exceptional property
spectrum and are predestined for use in a multitude of structural or semi-structural
applications. However, the underlying macromolecular orientation can only be
transferred into the layered composites consolidated out of highly stretched fibres
and tapes of semi-finished textile products. Specific preservation of the self-
reinforcement throughout processing and beyond is necessary and creates special
challenges for processing technology. Depending on the processing temperatures
and pressures selected, the highly oriented fibres and tapes are influenced by their
own degree of self-reinforcement, which, in turn, affects the microstructure and
remaining composite properties. In this publication, three different semi-finished
textile products are introduced as basic materials. Exemplary selected test samples,
which display a low degree of compaction on the one hand and a high degree of
compaction on the other, were subject to wet chemical etching to enable confocal

laser scanning microscopic images to be created. These images were then used to

1 | INTRODUCTION

Self-reinforced thermoplastic composites have immense
potential for lightweight application and display excel-
lent mechanical properties." Their reinforcement is
solely based on the self-reinforcement of the polymer
itself that is implemented by melt and solid phase defor-
mation.> By means of this particular orientation of the
crystalline areas, excellent basic properties of the poly-
mer in the direction of orientation can be obtained.*
However, the mechanisms of self-reinforcement are dif-
ficult to implement directly into complex structural
components, making an intermediate step involving
semi-finished textile products necessary. More precisely,
the above-mentioned melt and solid phase deformations
can be carried out most efficiently on semi-finished

compare the microstructures of the semi-finished textile products that were used.

textile products, such as woven or non-woven fabrics or
fleeces.”°

The semi-finished textile products are then layered
and hot-compacted into laminates by applying heat and
pressure.'"'? During the manufacturing of these compos-
ites, the oriented polymer sections are embedded in an
identical polymer matrix. Thus, self-reinforced polypro-
pylene (SR-PP) fibre composites are an intelligent combi-
nation of highly oriented polymer material and a
structural composite.’* They are not comparable to con-
ventional composite materials, which consist of two dif-
ferent phases from two differing chemical sources. In the
case of SR-PP composites, added value is incorporated
into the component based on the macromolecular orien-
tations without integrating conventional foreign fibres
for reinforcement that are based on glass fibres, carbon
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fibres, aramid fibres or natural fibres. They display excel-
lent recyclability owing to the fact that they consist of a
single material system. The properties of these self-
reinforced composites are up to four times higher when it
comes to stiffness and five times higher in regard to
strength compared to compact PP. They can easily com-
pete with glass fibre reinforced polypropylenes.'*

Another benefit of this material concept is that it is the
foundation for exceptionally high impact strength and
puncture resistance (that increases at the lowest tempera-
tures). The reason for this simply lies within the particularly
beneficial absorption and transformation of energy. The lay-
ered composite itself displays delamination with low
damage,”">""” which is additionally fostered by the ductility
of the polypropylene.’® In contrast to conventional thermo-
plastic composites, the material does not become brittle at
low temperatures; brittleness would normally induce frac-
turing or splintering when the material is subject to
impact.>® This is due to the fact that the endless fibres
(tape fabrics) and fibre filaments (fleeces) fibrillate when
subject to large amounts of deformation. Subordinate to
this, tape/fibre pull-outs and fractures occur. In the automo-
bile industry in particular, possibilities for technical imple-
mentation exist to replace glass fibre reinforced
components (i.e., made of glass mat reinforced thermoplas-
tic [GMT]) with self-reinforced PP components. Especially
suitable product groups are very large semi-structural com-
ponents, which are subject to high impact and are not
exposed to a high temperature.”® For example, this applies
for underbody panelling and loading areas.* Thanks to their
balanced property profile, component thicknesses can be
reduced by 20% to 30% without any issue according to
Klimke.” Moreover, the density-related weight reduction by
approximately 30% in comparison to conventional glass
fibre reinforced PP (ppp.grso = 1.18g/cm’® vs. pggr
pp = 091 g/cm’) is also advantageous for the overall out-
come, making it easy to achieve weight reductions by up to
50% while maintaining the same properties.>*"

The following list shows the application fields in which
self-reinforced PP composites have already become
established. The product assortment ranges from simple,
large and lightly reshaped panelling components to applica-
tions subject to shock and impact (impact and shock-
resistant knee protectors, ice skates), as well as large compo-
nents in series application (for example, extremely light-
weight suitcases from the Cosmolite series by Samsonite)."*

The correct selection of semi-finished textile products
already determines the physical and mechanical variables
of the later layered composites. The selection of the semi-
finished textile products is made based on the criteria tex-
tile type and bonding type as well as surface weight (reg-
ulate laminate thickness by the layer count) and matrix
selection. In most cases, self-reinforced fibre composite
materials consist of highly oriented semi-finished PP
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textile products (e.g., PURE, Curv, PARALITE, and
Armorodon).** Polyethylene, polyethylene terephthalate
or polyamide-based semi-finished textile products are
used less often, even though they are commercially avail-
able (PE = Kaypla; PET = Comfil).*

Despite all these benefits, the self-reinforcement is
extremely sensitive to temperature and pressure dur-
ing processing. The slightest parameter changes
during processing can affect the later composite prop-
erties permanently. This disadvantage is especially
bothersome when unwanted, different processing
temperatures and/or pressures are present in the tool
during processing, and result in undesired effects on the
components. Then again, these effects of self-reinforced
material systems can be used for a strong gradation poten-
tial.'* During thermal gradation, the thermoplastic fibres
and tapes are melted to varying degrees by means of
directed, locally effective temperature differences of the
heating and/or cooling rates across the tool surface in the
pressing process and/or pre-heating sequence in order to
vary the structural properties sustainably. Additionally,
increasing the pressure used to perform pressing locally,
so-called mechanical gradation, promotes better compac-
tion due to increased heat conduction and an elevated
degree of melting in the tapes or fibres.'*

In order to describe the gradation potential, this study
focused on a hot compaction process with two differing
process parameters, which depict a relatively low and
high degree of compaction of self-reinforced polypropyl-
ene composites. The goal of the structural analysis was to
describe the specific material composition defined by the
semi-finished textile products used and to characterise
and compare the morphology of self-reinforced fibre
composite materials based on the low and high degrees
of compaction achieved with varying process parameters.
In the following examinations, the structural analysis
was carried out using confocal laser light microscopy,
which involves reflected light on a sample surfaces that
has been treated with wet chemical etching.

Scanning electron microscopy (SEM) may impress with
higher resolutions ranging from 1 to 2 nm (depending on the
sample being examined, even significantly smaller), but has
the disadvantage that it requires extensive preparation
methods, such as vaporization, so-called sputtering of non-
conductive surfaces, except for low vacuum scanning elec-
tron microscopy. In particular, sputtering with a very thin
layer of precious metal (e.g., gold) or with a carbon layer
(graphite) can prove to be very problematic when dealing
with sensitive self-reinforced polypropylene composites.
During sputtering—more precisely, cathode sputtering—
atoms are separated out of a solid body by specifically firing
with ions and then transition into the gaseous phase.* This
then precipitates on the sample as a fine layer.*® The energy
of the ions needed, however, changes the highly oriented
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TABLE 1 Basic properties of the employed textile materials
Product name Unit Test method SNW17 SG30/30 Pure
Material system (=) Needle-punched Mono-extruded 2/1  Co-extruded

staple fibre fleece Twill fabric canvas fabric

Tensile strength MD/CD (kN/m) EN ISO 10319  9.8/10.5 30.0/30.0
Tensile strength (MPa) ISO 527 500
Maximum stretching MD/CD (%) EN ISO 10319  50.0/50.0 20.0/11.0
Maximum stretching MD/CD (%) 1SO 527 6.0/6.0
Fibre length/diameter tape width/thickness (mm/pm) N/A/20 2.6 MD, 1.3 CD/60  2.2/70
Surface weight (g/m?) 150 124 105
Number of layers in composite (=) 12 16 16

Abbreviations: CD, cross direction; MD, machine direction.

structures of the self-reinforced samples, even destroys them.
For this reason, classic SEM—which was available in the
context of these examinations—was decidedly ruled out for
assessing the self-reinforced composite structures.

2 | COMPOSITE MANUFACTURE

2.1 | Basic textile materials
There is an extensive selection of semi-finished textile prod-
ucts based on polypropylene available for the consolidation
of self-reinforced composites. Three textiles were selected in
the context of these examinations. They differ from one
another in regards to their morphology (monoextrudate,
coextrudate) and textile type (staple fibre fleece, tape fabric),
and enable comparisons to be made regarding their
material-specific process structure correlations. In the fol-
lowing chapters, the semi-finished textile products will be
introduced individually and then summarized in Table 1.
Both geotextiles (SNW17 and SG30/30) used here
only consist of a uniform polymer structure and are,
therefore, classified as monoextrudates. These material
systems display exceptionally high process sensitivity. A
coextruded tape fabric by the product name Pure was
added as a counterpart, its morphology only prevents the
process parameters from having much influence. An
additional criterion for textile selection was the assurance
of conventional availability of the products in order to be
able to guarantee their availability for the industrial man-
ufacture of self-reinforced composites as well.

2.1.1 | Needle-punched staple fibre
fleece SNW17

The needle-punched staple fibre fleece SNW17 is a white
geotextile made by the company Bonar from Belgium,

and is based on polypropylene (Figure 1). The product
name is derived from the title “sheet non-woven” and the
static puncture resistance (CBR) equalling 1.7 kN.**
The fibres consist of thin, oriented endless polypropyl-
ene filaments with a diameter of maximally 20 pm. The
fixation of the endless fibres in the direction of thickness
was carried out with a tempered needle roller, enabling
simple handling and draping of the fleece system. More-
over, the fleece possesses a marked isotropy owing to its
random orientation and layered endless fibres, which
makes the manufacture of self-reinforced composites
independent of their orientation possible.

2.1.2 | Mono-extruded twill fabric SG30/30
Another semi-finished textile product used that is based
on monoextrudates was the 2/1 twill fabric SG30/30
(Figure 2). Its product name is derived from the abbrevi-
ation for “standard graded” and a tensile strength of
30.0 kN/m in MD and CD.* This black fabric consisting
of highly stretched polypropylene film tapes is also a geo-
textile made by the company Bonar from Belgium.

The classic 0°/90° anisotropy of this textile results from
the selected 2/1 twill weave. Two tapes with a cross-sectional
width of 1.3 mm (0°) run into one tape with a cross-sectional
width of 2.6 mm (90°) and wrap around it. SG30/30 can be
draped excellently owing to its type of weave. The only disad-
vantage is the increased number of pulled out tapes in the
marginal area due to high ondulation when cutting the tex-
tiles. This is due to the twill weave and has no consequences
for the later composite and its properties.

2.1.3 | Co-extruded canvas fabric pure

The co-extruded tape fabric Pure manufactured by the
company Lankhorst, Netherlands, which is based on
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polypropylene, was one of the semi-finished textile prod-
ucts used in this study. The highly oriented tapes have a
cross-sectional width of 2-2.2 mm, a thickness of 70 pm,
and are combined in a plain weave. The tapes have mar-
ginally extruded outer layers consisting of a co-polymer
with a lower melting point than the inner core layer of
polypropylene. Since this is a conventional product,
detailed material information regarding the core and sur-
face layers is not available for competitive reasons on the
manufacturer's part. When generating a matrix, the outer
surface layers can be melted without the highly ori-
ented polymer phase losing its highly oriented textures,
meaning without affecting its superior mechanical
properties, respectively. The tensile strength of the
tapes equals 500 (N/mm?).>® Even though it can be
assumed that there are weaving errors in the consoli-
dated composite in form of folded tapes (Figure 3), this
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FIGURE 1 Left: SNW17
needle-punched staple fleece fibre;
Right: x100 magnification of an
SNW17 textile layer [Color figure
can be viewed at
wileyonlinelibrary.com]

FIGURE 2  Left: SG30/30 twill
weave; Right: x20 magnification of
an SG30/30 textile layer [Color
figure can be viewed at
wileyonlinelibrary.com]

FIGURE 3
fabric with recognizable weaving

Left: Pure tape

errors due to folded and creased
tapes; Right: x20 magnification of
a Pure textile layer [Color figure
can be viewed at
wileyonlinelibrary.com]

high-performance fabric is specifically characterized by
its reproducibility.

2.2 | Hot compaction process

A total of 12 layers of the staple fibre fleece system
SNW17 or 16 layers of the tape fabric SG30/30 or Pure
were layered in a clamping frame and hot compacted into
approximately 2 mm thick laminates by applying heat
and pressure. The consolidation of the semi-finished tex-
tile products into plate-shaped laminates with the dimen-
sions 500 x 500 x 2 mm?® was carried out in a hot
compaction process using the two processing parameters
series A and B specified in Table 2 on an 800 kN preci-
sion laboratory press of the company Gottfried Joos Mas-
chinenfabrik GmbH & Co. KG. Prior to the actual hot

85U8017 SUOWWOD A1) 8|qeotjdde ay) Ag peuseno a1e sooiLe VO ‘8sN JO S8|nJ o} Akeiq18uljUO 8|1 UO (SUOTIPUCO-PUB-SW.BIW0D" A8 1M Ake.q 1 |Bul JU0//SANY) SUORIPUOD pue swie 1 8y} 89S *[£202/T0/0z] Uo Ariqiaulluo Ae|im ‘Auewes aueiyood Ag §TZTS dde/z00T 0T/10p/woo A8 |Im Aselqpul|uo//Sdny wolj pepeojumod ‘Ty ‘TZ0 ‘8297260T


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

RIES

2 | wWiLEY-Applied Polymer

CIENCE

TABLE 2
description using CLSM

IR pre-heating sequence

Processing parameters of the exemplary, selected samples according to manufacturing processes A and B for the structural

Hot compaction process

Process IR temperature Tigr (°C) IR pre-heating time t;z (s) Temperature T (°C) Pressing time ¢, (s) Pressure p (MPa)

A 155 121
B 120 192

compaction process, an IR pre-heating sequence was
completed to temper the semi-finished textile products
homogeneously. After the pre-heating sequence, the
clamping frame containing the semi-finished textile prod-
ucts was transferred to the pressing unit pneumatically,
where the hot compaction process was then completed
with the selected parameters for temperature, time and
pressure. The subsequent cooling sequence was carried
out isostatically at a constant hot compaction pressure for
600s, in order to cool the panel-shaped laminate
for removal at room temperature.

The process parameters A and B were determined while
taking numerous pre-test screenings into account and rep-
resent low and high compaction degrees. Prior processing
attempts for manufacturing thermo-mechanically graded,
layered composites were carried out according to the Latin
Hypercube Design (LHD) with an experimental scope of
n = 16 processing series."* LHD is characterized by an
experimental scope that can be set as desired and the possi-
bility to make substantiated statements about the testing
room and the assessment of interactions between the indi-
vidual process parameters owing to the systematic, room-
filling setup even after only a few tested points.>” The subse-
quent mechanical composite characterization of the man-
ufactured SR-PP composites was carried out in numerous
quasi-static tensile and 3-point bending tests, as well as a
10J impact test. Thus, a dependable correlation of the
interactions between the process and properties
exists.'* The composite properties are decisively
influenced by the pressing temperature Tp, the com-
paction pressure p and the pressing time tp. Moreover,
they are also influenced by the IR pre-heating sequence
with the IR temperature Tigx and IR pre-heating time
tir. The selection of the process parameters can result
in them influencing each other strongly. For example,
they cannot fall short of a specific compaction temper-
ature in order for sufficient melt phase. This is neces-
sary to be able to be generated to ensure the required
intralaminar composite adhesive strength in which the
still highly oriented structures are embedded. If the
process temperature is too high instead, the macromo-
lecular orientations are overheated, resulting in a loss
of the self-reinforcement. The effects named here in
addition to the temperature are also dependent on the

174 175 3.0
183 100 1.8

exposure time in the IR pre-heating sequence f;z and
pressing phase tp '*

In addition to the time-dependent temperature strain,
the influence of the compaction strength during the con-
solidation phase also contributes to the further, crucial
influencing of the properties. The level of compaction
pressure affects the flow mechanisms of the polymer.*®
In particular, the matrix percolation and melt flow pro-
cess are strongly influenced by this and display a direct
effect on the later composite properties.”® Moreover, it is
important to note that a generally higher compaction
pressure improves heat conduction in the textile stack,
which is expressed in form of a higher degree of melting
of the fleece fibres or tape fabrics.' Depending on the
semi-finished textile product used (monoextrudate vs.
coextrudate and fibres vs. tapes), the strengths of the
effects vary considerably.'* The process parameters A
and B selected here represent a low and high compaction
degree in this case, which takes the previously mentioned
tension fields into account, even regarding the three dif-
ferent semi-finished textile products used here.

2.3 | Preprocessing samples

In order to be able to perform a morphological examina-
tion of the composite laminates with the dimensions
500 x 500 mm?, the workable samples were subject to
basic machining initially. Afterward, the Biihler low
speed precision separator IsoMet 4000 was used to carry
out precise machining to create microscopy samples
with the dimensions 15 x 20 mm?. Here, low rotation
counts equalling 200 rpm, small advancements by
2 mm/min in combination with cooling with water were
utilized to keep the thermic effect on the samples as low
as possible and to inhibit the correlating effect on the
structure.

3 | PERFORMING THE
STRUCTURAL ANALYSIS

The description of the structure of self-reinforced poly-
propylene composites was carried out for the types of
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samples that had a relatively low and a relatively high
degree of compaction. The samples which had been pre-
pared as reflected light microscopy samples were
analysed after wet chemical etching. Confocal laser scan-
ning microscopy was employed and the samples were
compared. Not only were the degrees of compaction com-
pared, but also the utilized semi-finished textile products
amongst one another. In the following chapters, the
microscopic method and the sample preparation with
wet chemical etching will be described in detail.

3.1 | Confocal laser scanning microscopy
In contrast to conventional light microscopy, confocal
laser scanning microscopy (CLSM) can produce a signifi-
cantly higher resolution.® The Lext OLS3100 and the
according surface texture analysis software made by
Olympus were used for these examinations.*® Instead of
using a conventional light source with a wavelength
of approximately 500 nm, CLSM uses a laser diode with a
wavelength of approximately 408 nm, thus achieving
much finer surface and depth resolution in the micro-
scopic imaging of up to 1 pm.*>** Owing to this resolu-
tion capacity, CLMS can be wused in additional
application fields which were previously only reserved
for electron optic measurement methods, like for exam-
ple the scanning electron microscope (SEM).**

3.2 | Sample preparation

The samples preprocessed with the low-speed precision
separator and measuring 15 x 20 mm® were sanded by
hand in a sanding processes with multiple steps. Silicon
carbide sandpapers with increasingly finer grits
(600, 1200, 2500, and 4000) were used. Cooling in water
encompassed cooling, lubrication, and rinsing off abra-
sively removed particles from the workspace. After com-
pleting each sanding step, the samples were cleaned in
an ultrasonic bath in de-ionized water to remove rem-
nant particles from sanding from the surface. Final
polishing of the sanded surface was foregone in order to
ensure the sample surfaces still retained their remaining
roughness before they were put through the ensuing wet
chemical etching process.

3.3 | Wet chemical etching of self-
reinforced PP composite structures

In order to contrast the different polymer phases using
reflected light microscopy, a prior wet chemical etching
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process is needed which increases the visibility of the ori-
ented structures on the sample surfaces to be examined.

First, the etching solution removes the amorphous
phases on the semi-crystalline thermoplastics, exposing
the crystalline phases and their superstructures.> Only
very aggressive wet chemical media are suitable for non-
polar, carbon-based iso chains—Ilike those present in
polypropylene.**

The etching rate v, (mg/mm®s) describes the stan-
dardized removal in form of loss of mass m, (mg) on the
(sample surface) area A (mm?®) throughout the duration
of exposure or the etching time ¢, (s).

A%,

(1)

Ve

The quality of the etching result and correlating control
thereof using the etching rate are fundamentally depen-
dent on the etching solution used, its concentration, tem-
perature when used, and the required etching time.*
Using polyethylene as an example, the research group led
by Bashir et al. was able to verify that highly crystallized
structures require significantly longer etching times than
classic spherulitic structures.*® Analogous to the particu-
larly highly oriented (self-reinforced) polypropylenes, it is
important to take an adjusted exposure duration into
account. The ideal etching time was determined to be
2 to 5 days at room temperature.>®

In order to expose the fine structure to be able to
examine the arrangement of the lamellae, permanganate
etching with 0.7% dissolved potassium permanganate
(KMnQO,) in a 2:1 mixture of concentrated sulfuric acid
(H,S0O,) and orthophosphoric acid (H;PO,) established
itself as the most promising option,***"* see Table 3.

The previously used, highly toxic potassium dichro-
matic sulfuric acid solution (K,Cr,0,: H,O: H,SO, with
4.4:7.1: 8.1 weight ratios) has been replaced by this more
advanced etching solution in the meanwhile.*’

To start the solution, 70 ml of orthophosphoric acid are
poured into a beaker, and 140 ml of sulfuric acid are added
while stirring with a magnetic stirrer."* The acidic solution
is subsequently cooled in a water bath with ice cubes while
powder potassium permanganate is added gradually.'* The
latter gives the freshly mixed solution a dark green colour.
Throughout the exposure period, the solution reduces, turn-
ing violet as the effect wears off. Olley even observed that
the etching speed increased by adding water to the started
permanganate solution and rougher surfaces were visible
on the sample.>**’ This modification was not examined fur-
ther in the context of the examinations.

As previously mentioned, the exposed etching time ¢,
extends over a period of 2 to 5days depending on the
sample used. After completing the etching process, a
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TABLE 3 Composition of the 210 ml permanganate etching solution for contrasting self-reinforced polypropylene composites™*
Molecular
Etching medium formula Concentration Quantity Aggregate state Color
Phosphoric acid H;PO, 96%, undiluted 70 ml Liquid Clear, colorless  Dark green in solution
Sulfuric acid H,SO, 98%, undiluted 140 ml Liquid Clear, colorless
Potassium permanganate KMnO, 100%, pure form 147 g Solid Black

TABLE 4
Step Subsequent treatment Molecular formula
1 Sulfuric acid H,SO,
2 Hydrogen peroxide H,0,
3 Ethanol C,HsO

Rinsing media for treatment of the sample after etching with permanganate'*

Concentration Aggregate state Color

98%, 2:7 diluted Liquid Clear, colorless
30% Liquid Clear, colorless
98%, undiluted Liquid Clear, colorless

Note: Prof. Dr.-Ing. Angela Ries has been a professor at Bielefeld University of Applied Sciences since September 2020 and works in the field of plastics
technology and lightweight construction. From September 2017 to August 2020 Ms. Ries was junior professor and head of the Heterogeneous Materials Group

at the Institute of Materials Engineering at the University of Kassel, Germany.

termination reaction of the etching process is carried out
by completing multiple consecutive rinsing processes, ini-
tially with 2:7 diluted sulfuric acid (final concentration of
21.8%) and then with a de-ionized water and hydrogen
peroxide mixture, see Table 4. The final washing proce-
dure of the sample is carried out in an ultrasonic bath with
ethanol and drying is completed with compressed air.'*

4 | STRUCTURAL DESCRIPTION

The wet chemical etching process removed the amor-
phous phase.*® This is visible in the exposed differences
in height on the sample surface when using the confocal
laser scanning microscope and, unlike polarized trans-
mitted light microscopy, enables a comparably plastic
presentation of the highly stretched structures.

A comparison of the reflected light microscopy
images of selected sections of the composite cross sec-
tions of the various textile systems is provided in the fol-
lowing subchapters using two selected, exemplary
process parameters (Table 3) from process series A (low
compaction temperature, long pressing time, medium
pressure level) and process series B (high compaction
temperature, short pressing time, low pressure level).

4.1 | Structural description of
composites made of needle-punched staple
fibre fleece SNW17

The layered composites based on the staple fibre fleece
SNW17 displayed individual fibre filaments with

unmistakable, fibre-shaped to ellipsoid structures in the
detailed images shown in Figure 4. These structures result
from the specific, isotropic fibre orientations, which display
according different longitudinal, orthogonal or oblique cut
surfaces. Depending on the varying fibre orientations, dif-
fering degrees of highly oriented fine structures can be iden-
tified by their characteristic textural differences. In the
incident light images of the SNW17 fibre fleece composites
manufactured according to process A, a flatter surface
topology was visible in comparison to those made with pro-
cess B. Samples manufactured according to process B, in
contrast, displayed a compacter, more closed surface topol-
ogy. This causes the more starkly contrasted height differ-
ences of the textural structures in the fibre cuts to be
significantly more visible. However, we decided not to
continue to measure these and make deductions about
the degree of orientation. It can be assumed that the
contrasts set during incident light microscopy can differ
mildly from one another and this, in turn, could falsify a
direct comparability of the quantitative measurement points.

When comparing the low compaction temperature
process A and the higher consolidated process B, a differ-
ence in the packing density of the fleece-type cavities is
visible. For example, samples manufactured according to
process A have cone-shaped areas of trapped air in the
intersecting points of fibres situated transverse to one
another in comparison to samples manufactured
according to process B. However, what is substantially
more noticeable is a deep-set, crater-like enclosure of air
in the right section of the microscopy image of the sam-
ple made with process A. This enclosure of air exposes
the surface structure of the fibre filaments. This observa-
tion makes it possible to deduct that the degree of
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compaction in Process A was insufficient. The sample
cross section was examined in addition to the micro-
scopic examinations. It was examined at four different
points of the manufactured laminate with three repeated
measurements using micrometre screw. A composite
thickness of tsywi17,4 = 1.8375 mm with a standard devia-
tion of SDgnwi17,4 = 0.028 was recorded for the samples
manufactured according to process A. Samples man-
ufactured according to process B were minimally thinner
and displayed a composite cross section equalling tsnwi7.8
= 1.8225 mm with a standard deviation of SDgywi7.p
= 0.043. Advanced density experiments with gravimetric
density measurements using the buoyancy method were
not performed. In the previous examinations, we were
able to determine that the informative value of the results
must be viewed critically.'* This is due to the fact that
larger or smaller volumes of air are in the according sub-
strate, causing a wider distribution of the results. Lastly,
it is important to note that differing circularities result
for the fibre cross sections when observing Figure 4 in
correlation with processes A and B. It is evident that (pro-
cess A) has a higher degree and (process B) a lower
degree of roundness in the fibre cross section, which cor-
relates with the fibre cross sections. In order to be able to
perform an informative, quantitative analysis here, the
variables of the image sections shown here are not suffi-
cient. The measurement of circularities and fibre cross
sections was focused upon in a different experimental
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FIGURE 4 Detailed reflected
light images of the CLSM with

x 1000 magnification of wet
chemically etched, self-reinforced
composites structures made of
SNW17 according to the process
parameters A (left) and B (right).
Reproduced with permission.'*
Copyright 2015, Heim

FIGURE 5 Detailed reflected
light images of the CLSM with
%1000 magnification of wet
chemically etched, self-reinforced
composites structures made of
SG30/30 according to the process
parameters A (left) and B (right).
Reproduced with permission.'*
Copyright 2015, Heim

series performed on this material system across the entire
laminate cross section, and showed, depending on the
degree of compaction, diverging fibre diameters for
Dgnwi7 between 24.7 and 28.8 pm, consistent with circu-
larities of fibre filaments Csnwy7 ranging between 0.5 and
0.67.'

4.2 | Structural description of the
composites made of the mono-extruded
twill fabric SG30/30

The detailed images of the fabric-based layered compos-
ites made of SG30/30 in Figure 5 show tape structures
with textures analogous to their directions of stretching
(= and L to the image plane).

The composites made with the mono-extruded tape
system SG30/30 display less textural distinctions regard-
ing the composite topology. The visible primary orienta-
tions made it possible to make indirect deductions about
the directions of stretching of the cold stretching. More-
over, the superstructures are disrupted by clusters, which,
as can be seen in Figure 6, are identifiable as soot parti-
cles displaced during the applied sanding and/or wet
chemical etching process.

A thermogravimetric analysis (TGA) of the semi-
finished textile product confirmed the addition of approx-
imately 1.7 wt-% of soot particles.”® These soot particles
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FIGURE 6
of soot particle error site with a

3D measurement

diameter of 10.75 pm on the surface
of an SG30/30 composite sample
made using process series

B. Reproduced with permission.'*
Copyright 2015, Heim [Color figure
can be viewed at
wileyonlinelibrary.com]

FIGURE 7 Detailed reflected
light images of the CLSM with
%1000 magnification of wet
chemically etched, self-reinforced
composites structures made of Pure
according to the process parameters
A (left) and B (right). Reproduced
with permission.** Copyright

2015, Heim

are inherent in the SG30/30 semi-finished fabric prod-
ucts. They were added in order to make the geotextile UV
resistant and dye it black for its intended application. The
soot particles initiate tear-like breakage of the foil tapes
in the longitudinal direction during cold stretching,
which was employed during the manufacture of the
highly stretched foil tapes. This tear-like breakage is an
already known phenomenon that occurs when spinning
fibres and is caused by the fracture of disruptive
filaments.*!

4.3 | Structural description of the
composite made of the co-extruded canvas
fabric pure

The composites made of the co-extruded tape fabric
Pure display much more strongly marked superstructures
than the mono-extruded material systems, see Figure 7.
Clear textural distinctions of the tapes with directions of
stretching parallel or orthogonal to the image area are
able to be differentiated. Furthermore, marginally
extruded border layers are able to be clearly discerned
from the highly stretched core layers with a volume ratio
of the border layers and core layers (B:C:B) of 5:90:5
determined by structural analysis.*!

When comparing both processing procedures directly
with one another, comparably rougher surface structures
of the highly oriented core layers are identifiable for the

composite with a lower degree of compaction (process
parameter A). This observation could originate from the
fact that the lower compaction degree promotes a lower
packing density in the polymer morphology. The wet
chemical etching was therefore able to achieve stronger
etching under identical conditions in process A and
remove the amorphous joint structures to a strong degree,
ultimately exposing the (highly) oriented structures more
significantly.

In case of the tapes of the processing series Process A
oriented orthogonal (L) to the image plane, there are also
fissures in form of plastic depressions to even fine tears,
see Figure 7, left, upper half. These can be explained by
the low density ppyre = 0.760 g/cm3 14 in the free cavities
of the highly stretched film tapes.****

These so-called free cavities especially occur at high
degrees of stretching in foil tapes. During the deforma-
tion needed and induced for incorporating large degrees
of stretching, (over)stretching of the amorphous regions
occurs, causing gliding to occur between the individual
lamella blocks depending on the loading scenario, which
can lead to a displacement of the crystalline areas.** The
“joining” amorphous phase is subject to pure shearing
deformation, which aligns itself parallel to the lamella
surface (in the direction of shearing), and constricts dur-
ing high tensile loading.** Very high stretching degrees
can also cause separation of the individual folded blocks.
Micro-fibril formation can also occur along with this,
and, under certain tension conditions, can tend to cause
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free cavities to form.** In the case of the hot-compacted
SR-PP composite, certain process conditions can also
cause plastic depressions to even fine tears.

The textural characteristics of the composite with the
higher degree of compaction (process parameter B) sug-
gest a comparably “closed” state of the surface topology.
The surface roughness is less pronounced. It can be
assumed that the previously mentioned cavities were, for
the most part, sealed due to the exposure to the high tem-
perature, which is also evident in the higher density.
Moreover, the transcrystalline re-crystallization of the co-
extruded marginal layers was more strongly pronounced
in comparison to process series A.

After exposure to the high temperature in the hot
compaction process, they re-crystallize back to one-
dimensionally oriented transcrystalline growth fronts
owing to their steric impairment. Transcrystallization has
been known of for polymers since the early 1950s.*>4°
The epitaxial growth*” develop because the nucleation
rate at the marginal layers (of for example fibres®® and
injection moulds*) is significantly higher than in the
actual polymer melt.*® In this case, the nucleus grows
vertical to the inner marginal layers of the core layers to
the outer marginal layers of two tapes that run into each
other, as was already proven for the UHMWPE fibres
embedded in the HDPE matrix.*

The development of transcrystallization is strongly
influenced by the processing temperatures and the
recrystallization conditions. For this reason, the morpho-
logical observations will focus upon the composites from
process parameter B that were only manufactured with
higher processing temperatures (Table 2) and an addi-
tional image section is presented in Figure 8.

The characteristics of the one-dimensional growth
fronts were very remarkable, and, upon closer observa-
tion, it became clear that they develop in correlation with
the direction of stretching. The re-crystallized marginal
layers of the tapes oriented orthogonally to the image
plane displayed significantly clearer definitions of the

J

}> co-extruded surface layers

}Tape in drawing direction
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individual transcrystals than the marginal layers with
tapes oriented parallel to the image plane. This is likely
due to the fact that epitactically crystallized fold lamellae
of the kebab structures located in the highly stretched
core areas promote a “plate-shaped” orientation of the
transcrystals in the primary direction by means of a
nucleation indication.

5 | CONCLUSION

The images made with reflected light microscopy of the
self-reinforced polypropylene composites were character-
ized by the morphology specific for semi-finished textile
products. They all shared one common trait, namely that
differences regarding the degree of compaction were able
to be verified. However, this knowledge cannot simply be
transferred to all self-reinforced polypropylene compos-
ites in general. Instead, the characteristics that can be
derived from the morphological structures of the semi-
finished textile products must be determined, analysed
independently from the according basic material, and
must be described while taking the composites into
account.

The composite made from the needle-punched staple
fibre fleece SNW17 was characterized by a low degree of
compaction with air enclosures that resulted from insuffi-
cient compaction. In contrast, the higher the degree of
compaction selected for the fibre-based semi-finished tex-
tile product, the less circular the individual fibre fila-
ments in the later composite. Thus, it can be stated that
air enclosures and the circular shape of pressure-sensitive
fibre filaments can be referenced as structural character-
istics of fibre fleeces in order to describe the degree of
compaction.

In the composites made from tape fabric, no enclo-
sures of air or other cavities were detected. This allows
one to deduct that a sufficient degree of compaction was
able to be achieved during hot compaction while using a

> Tape in cross section

FIGURE 8
microscopy analysis of the composite

Confocal laser scanning

topology; surface treatment wet chemical
etching. Tape in cross section is
orthogonal to the image plane, tape in
drawing direction is parallel to the image
plane. Reproduced with permission.'*
Copyright 2015, Heim
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relatively low temperature and pressure. Filling mate-
rials, such as mixed in soot particles, were visible as
superstructures and show the stretching direction of
the tapes, as was verifiable for the black tape fabric of
the SG30/30 composites. In case of the Pure composites,
the marginal layers and core layers were visible sepa-
rately in both process series A and B, and were charac-
terized by the sample with the lower degree of
compaction displaying a rougher surface topology,
especially in tapes stretched orthogonally to the image
plane. The influence of the degrees of compaction can
be identified by the roughness or the fissured surface
structures.
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