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Single polymer laminate composites based on anionic
polyamide 6 (PA6) matrix-reinforced by PA6 knitted textile
structures (KSPC) were produced by nylon reactive injec-
tion molding and powder coating/compression molding
(PCCM) processing techniques. The effect of the rein-
forcement’s structure and the fiber volume fraction on
the mechanical properties of the knitted-reinforced PA6
composites resulting from the two methods were investi-
gated and compared. The morphology and the crystalline
structure of KSPC materials were studied to identify the
main factors determining the tensile properties. The
results showed that the PCCM method produced lami-
nate composites with higher Young’s modulus and
mechanical strength in tension. Microscopy, differential
scanning calorimetry and X-ray diffraction experiments
were carried out to correlate the morphology and crystal-
line structure of the composites and their precursors with
the different tensile behavior of KSPC prepared using the
two techniques. The microscopy and X-ray scattering
studies suggested the formation of a transcrystalline
layer at the matrix/reinforcement interface. POLYM. COM-
POS., 40:E886-E897, 2019. © 2018 Society of Plastics Engineers

INTRODUCTION

Conventional organic polymer composites are produced
by combining of chemically different organic or inorganic
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components, whereas the single polymer composites (SPCs)
consist of oriented polymer reinforcing elements embedded
in an isotropic matrix of the same polymer [1]. The SPC con-
cept was brought forward by Capiati and Porter in 1975 [2]
and tested in several polymer systems. SPC were shown to
possess good stress transfer between matrix and reinforce-
ments due to the presence of H-bonds or even covalent
bonds across the matrix—reinforcements interface, molecular
entanglements and/or formation of favorable amorphous/
crystalline superstructures [3,4]. Conversely, conventional
thermoplastic composites display weak van der Waals forces
acting across the interface that only to a certain extent could
be strengthened by surface treatment of the reinforcements
or use of appropriate coupling agents. Moreover, the possi-
bility for full recycling through conventional reprocessing is
cost-effective for SPC [5], which stimulates the industrial
and commercial interests towards these polymer materials.

Polyamide 6 (PA6)-based SPC are typically prepared by
melt-processing techniques that may include powder
impregnation [6], hot compaction [7,8], overheating of
fibers [9], film-stacking [10], and co-extrusion [11]. All
these techniques require partial melting of the reinforcing
polymeric elements. Thus, a part of the reinforcements
always loses its beneficial morphology and/or orientation
and may also be subjected to thermal degradation, which,
as a rule, leads to inferior mechanical properties.

Applying reactive processing techniques proved well in
the preparation of SPC whereby the polymer matrix is syn-
thesized by in-situ polymerization of low-viscosity mono-
mers or oligomers in the presence of the reinforcements
[12,13]. Activated anionic ring-opening polymerization of
lactams (AAROP) is a special case of reactive processing
in which cyclic monomers are transformed into high
molecular weight polyamides at relatively mild conditions
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and short time durations, without releasing of by-products
[14,15]. This process requires temperatures in the
160-180°C range, thus providing a processing window
(PW) of 40-60°C for the PA6-based SPC, which is the dif-
ference between the AAROP polymerization temperature
of e-caprolactam (ECL) and the melting point of the PA6
reinforcement (220°C).

In one of the few studies on the preparation of
PA6-based SPC, Gong et al. [16] used reactive injection
molding (RIM) to prepare SPC consisting of in situ formed
PA6 matrix reinforced with PA6 plain woven fabric. The
optimum polymerization temperature was found to be
160°C that determined a large PW and ultimate tensile
strength of 150 MPa. Bhattacharyya et al. [10] prepared
PA6-based SPC by a combination of hot compaction and
film stacking. Their SPC materials reached tensile strengths
of ca. 120 MPa, which is a 400% improvement on the pure
PA6 matrix material. However, the PW of only 2°C
reported in this case is a limitation for the industrial appli-
cation of this method.

It seems that only the in-situ creation of the PA6 matrix
by a polymerization process in the presence of the rein-
forcement can provide the necessary PW of the conven-
tional techniques and to optimize the PA6-based SPC
preparation. AAROP of inexpensive lactams was a possible
reaction pathway. Preparation of PA6-based SPC via in-
mold AAROP using a semiautomatic prototype equipment
was reported by Dencheva et al. [17] who achieved tensile
strengths of above 130 MPa and Young’s moduli over 1.5
GPa using only 20 wt% of reinforcement.

Polyamide-based SPC were also produced via reactive
microencapsulation of nanoclays in PA6 through AAROP
[18]. The resulting nanoclay-loaded microcapsules were
further used for powder impregnation of PA66 plain-wave
textile structures that were consolidated to all-polyamide
laminate composites by compression molding. Studying the
mechanical properties in tension, flexure, and impact
revealed 73% improvement of the Young’s modulus, up to
142% increase of the stress at break, and more than a five-
fold increase of the notched impact resistance as compared
with the neat PA6 matrix.

Notably, no studies on the mechanical behavior of
PA6-based SPC as a function of the type and architecture
of the reinforcing textile plies have been performed so far.
In this study, PA6-based SPC reinforced by several plies of
Jersey and Rib 1 X 1 knitted structures (designated as
KSPC) were produced using two distinct processing

methods for the formation of the PA6 matrix: RIM of
polyamide-6 (nylon reactive injection molding [NYRIM])
and powder coating/compression molding (PCCM) of PA6
microparticles (MPs), previously synthetized from ECL in
suspension by AAROP as described previously in [19].
The tensile properties, morphological characteristics, and
crystalline structure of the reinforcements and the
PA6-SPC resulting from the NYRIM and PCCM tech-
niques were evaluated and compared.

EXPERIMENTAL

Textile Reinforcements

Two commercially available Jersey and Rib 1 X 1 knit-
ted fabrics produced with air jet textured PA6 filaments
(160 dtex) were selected. All samples were pre-washed
with a 1 g. L™"of a non-ionic detergent solution at 30°C
for 30 min and then rinsed with reverse osmosis water for
another 15 min to minimize contamination. To eliminate
non-chemically bonded finish from the filaments surface,
the knitted reinforcements were immersed in acetone for
30 min and subsequently dried for 2 h at 60°C. To stabilize
the geometry of the knitted structure, all reinforcements
were extended 30% of their original dimensions and
annealed at 170°C for 90 min. Table 1 presents the basic
constructional characteristics of knitted reinforcements.

Reagents

The ECL monomer of reduced moisture (AP-Nylon® cap-
rolactam) was delivered from Briiggemann Chemical
(Germany). Before use, it was kept under vacuum for 1 h at
23°C. Briiggolen C20 from the same company (C20) was
used as polymerization activator, and according to this manu-
facturer, it contains 80 wt% of blocked di-isocyanate in ECL.
The initiator sodium dicaprolactamato-bis-(2-methoxyethoxo)-
aluminate (DL) was purchased from Katchem (Czech Repub-
lic) and used without further treatment. The puriss grade of
acetone, methanol, toluene and xylene solvents used in this
work were purchased from Sigma-Aldrich (USA).

Preparation of KSPC via NYRIM (N-Composites)

One of the techniques used to prepare KSPC for this
study is based on the activated anionic polymerization of
ECL and performed with a specially designed prototype

TABLE 1. Sample designation and properties of weft-knitted reinforcements used.

Reinforcement type Treatment Sample Designation WPC CPC Loop Length (mm) Areal weight (g/m?) Thickness (mm)

Rib1x 1 - R 16 25 2.28 £0.04 208 + 4 0.79 £ 0.01
Annealed R-A 13 18 2.14 £ 0.03 108 £+ 2 0.60 £ 0.01

Jersey - J 16 30 2.10 £ 0.02 160 + 4 0.54 £ 0.01
Annealed J-A 15 25 2.07 £ 0.02 102+ 2 0.41 £ 0.01

WPC, Wale per centimeter; CPC, Course per centimeter.
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FIG. 1.

equipment developed for NYRIM [20] (Fig. 1a). In a typi-
cal preparation, 0.33 mol ECL was heated to 90°C under
nitrogen flux and then 1.5 mmol of the DL initiator were
added. After several minutes at temperatures between
90-110°C, 0.75 mmol of activator C20 was added to the
mixture at once. The resulting activated monomer/initiator
mixture was injected into the 80 X 80 X 3 mm parallelepi-
ped impression of the mold that was preheated to 120°C.
The annealed reinforcements (R-A or J-A) were already
placed in the mold, oriented in the wales direction
(0) (Fig. 1b). The polymerization temperature was kept in
the range of 160-170°C, setting the reaction time at
15 min. After that time, the mold was switched automati-
cally to cooling down to 65°C at a cooling rate of 40°C.
min~'. The demolding of the laminate plate thus prepared
by NYRIM concluded the processing cycle.

Preparation of KSPC via PCCM (P-Composites)

The solution-precipitation AAROP of ECL to PA6 MPs
was performed as described in detail elsewhere
[18,19,21-23]. The chemical reaction of AAROP in this
study is schematized in Fig. 2. Summarizing the prepara-
tion procedure, the amount of 2 mol ECL was dissolved in
a 1:1 v/v toluene/xylene mixture under nitrogen atmosphere
refluxing the reaction mixture for 10-15 min. In several
minutes, clear solutions were obtained and the components
of the catalytic system DL and C20 were introduced in a
molar ratio 2:1. The reaction time was 1 h, keeping the

(a) Prototype equipment for RIM of polyamides (NYRIM). (b) In-mold reinforcement installation with
course and wale directions indicated (Adapted from Ref. 20).

temperature in the 125-135°C range at constant stirring.
Thus, the PA6 MPs were produced in the form of a fine
powder, separated from the reaction mixture by vacuum fil-
tration, washed with methanol, and dried.

The KSPC were produced by the PCCM (P-composite)
in the following way. The plies of unidirectional R-A or J-A
reinforcements and previously calculated amounts of MPs
were deposited into the mold before compression molding
(Fig. 3). For the preparation of laminate KSPC of k plies,
the MPs were divided into (k + 1) equal portions and the
respective ply sets were prepared. The consolidation of the
ply sets by compression molding was performed in a
hydraulic hot press Moore (UK) using a mold with dimen-
sions 70 X 70 X 2 mm. The pressure applied was 5 MPa for
10 min at 215°C and the samples were subsequently cooled
down to 50°C at a rate of ca. 50°C.min""'

All the N- and P-composites were prepared considering
three fiber volume fractions Vi, namely 15, 20, and 25%.
The required number of textile plies (V) for each Vi value
(in %) was determined according to Eg. 1 [24]:

Vf.pft

N=
Ay

x 100 (1)

where Ay, (g. m™) is the area density of the textile rein-
forcement, N is the number of plies, py, (g. m™) is the den-
sity of the PAG6 fibers and ¢ (m) is the laminate thickness.
All laminate test samples were cut by laser to the standard
dimensions. The designation and description of all KSPC
laminates in this study are presented in Table 2.
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FIG. 2. Chemical reactions occurring during AAROP in solution: C20 Bruggolen C20 (activator), DL dicaprolacta-
mato-bis-(2-methoxyethoxo)-aluminate, R = OCH,CH>OCH;.
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FIG. 3. Installation of the SPC prepreg in the compression mold, adapted
from [20].

Morphological Characterization

Optical and scanning electron microscopy (SEM) stud-
ies were carried out to characterize the KSPC materials. An
Olympus microscope (BH-2) equipped with an image
acquisition software (Leica Application Suite 4.4) and
polarized light was used to obtain optical images of the
samples, allowing the analysis of the bonding condition at
the matrix-reinforcement interface region. The SEM studies
were performed in a NanoSEM-200 apparatus of FEI Nova
(USA) to evaluate the morphology of PA6 mono-filament/
matrix interface. An Au/Pd alloy was applied to sputter-
coat the samples.

The differential scanning calorimetry (DSC) studies were
carried out in a 200 F3 equipment of Netzsch (Germany) at a
heating rate of 10°C.min™" under nitrogen purge. To erase the
thermal history of the specimens, two consecutive scans were
carried out in which the crystallization was performed by
cooling at a rate of 10°C.min™". The glass transition tempera-
ture, the PWs and the degree of crystallinity were obtained
from each the DSC curves. The typical weights of the sam-
ples were in the 6-16 mg range. The crystallinity index
Xc(%) of the samples was calculated according to Egq. 2:

AH!,

Xe() = 37 @

where in AH is the registered melting enthalpy of the cur-
rent sample and AH:n is the melting enthalpy of a 100%
crystalline PA6 (230 J/g) [25].

TABLE 2. Designation and description of N- and P-composites.

Knitted Plies Plies

KSPC reinforcement Number Number
designation architecture Vp, (%) (PCCM) (NYRIM)
P-J-15 J-A 15 3 -
N-J-15 - 5
P-J-20 20 5 -
N-J-20 - 7
P-J-25 25 6 -
N-J-25 - 8
P-R-15 R-A 15 3 -
N-R-15 5
P-R-20 20 4 -
N-R-20 6
P-R-25 25 5 -
N-R-25 8

Note: The designations P or N stand for the PCCM or NYRIM molding
techniques used in this study.

DOI 10.1002/pc

The wide-angle X-ray scattering (WAXS) patterns
for reinforcements, MPs, neat matrices and N- and P-
composites were made on a Bruker D8 Discover 6-0
diffractometer working with Cu Ka radiation (A = 1.541 A).
The patterns were collected for all specimens in the 6/20 scan
regime in the 26 range of 5-45° at a rate of 0.1 deg. min~".
The curve fitting of the WAXS patterns was made as previ-
ously described in [26] using a commercial peak-fitting soft-
ware. The WAXS crystallinity index X\VAXS, was calculated

according to Egq. 3:

where > A, is the integrated area under the respective crys-
talline peaks and > A, is the integrated area of the amor-
phous halo(s).

The average viscometric molecular weight M, of the as-
prepared MPs and the molded samples thereof was deter-
mined by intrinsic viscosity measurements in 97% sulfuric
acid at a concentration of 0.2 g/dL with a suspended level
Ubbelohde viscometer thermostatted at 25°C. The Mark-
Houwink equation for PA6 was used with K = 5.066. 10~
and o = 0.74 [27].

Mechanical Characterization

The tensile properties of the KSPC laminates were evalu-
ated with samples conditioned for ca. 30 days at 23°C and
65% relative humidity. Tests were performed in an Instron
4505 testing machine at 23 £ 2°C with a standard load cell
of 50 kN and at a constant crosshead speed of 2 mm.min™".
The specimens with a gauge length of 38 mm were cut out
according to ASTM D638. At least five specimens of each
sample were tested. The Young’s modulus (E) was calculated
from the stress—strain curves as the tangent at 1% strain.

The tensile behavior of the knitted reinforcement was
assessed according to ASTM D5034 (grab test). The tensile
test was performed in the same Instron 4505 testing machine
with a standard load cell of 2.5 kN and at a constant cross-
head speed of 2 mm.min~". The 150 X 100 mm knitted tex-
tiles were conditioned at 23°C for 5 h before testing.

RESULTS AND DISCUSSION

Initial Characterization of MPs and Neat NYRIM Plates

According to previous works on the mechanism of the
AAROP in suspension [28,29], the anion-initiated process
creates viscous oligomer droplets formed by the growing
PA6 polymer molecules that are dispersed in the solvent.
After reaching some critical molecular mass and various
acts of coalescence, these droplets crystallize transforming
into porous MPs. Figure 4a shows the typical morphology
of MPs displaying spheroidal shapes and sizes in the
15-25 pm range. The porosity of the MPs can be observed
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FIG. 4.

at higher magnifications (Fig. 4b). Our previous studies
show that the transformation of the viscous droplets into
MPs without the formation of lumps requires an optimized
stirring rate of ca. 800 rpm, maintaining the molar ratio
DL/C20 = 2 and keeping the temperature of AAROP below
135°C. The average viscometric molecular weight M, of
the as-prepared MPs was 36,500 g/mol, which was slightly
below the values of the R-A and J-A reinforcements with
M, of ca. 39,500 g/mol. At the same time, the M, of the
neat PA6 plate without textile reinforcement obtained by
NYRIM was ca. 58,000 g/mol. This difference can be
explained with the higher temperature of AAROP in the
latter case (160-170°C) and with the fact that AAROP
occurs in bulk, in the polar molten ECL, and in strongly
basic medium, without dissolution with inert solvents [30].

Mechanical Properties of the Textile Reinforcements

The stress—strain graphs of J-A and R-A in wale and
course directions are plotted in Fig. 5. The stress—strain
curves in either principal direction displayed two zones.
The initial zone is a linear segment (0—5% strain) used to
calculate the Young’s modulus (Fig. 5, the inset). The sec-
ond much broader zone of the curves showed gradual
increase of stress (strain hardening) up to the point of

J90)y-A

J(90)-A

R(90)}-A

J(0)-A

Tensile Stress (MPa)

R(90)-A

0 —F 7777

0 20 40 60 80 100 120 140 160
Tensile Strain (%)

FIG. 5. Stress—strain curves of stretched-annealed knitted reinforcements

in the wale (0) and course (90) directions. For sample designation see
Table. 1.
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(a) Selected SEM micrographs of MPs (b) Magnified selected image.

mechanical failure. The J-A textile has higher E-modulus
and tensile strength in either direction. The notable differ-
ence in the tensile behavior of R-A textiles in the two prin-
cipal directions evidences their high anisotropy.

Tensile Properties of KSPC Laminates

The influence of the knitted reinforcement architecture
(R-A and J-A) and volume fraction V¢ on the tensile perfor-
mance of N- and P-composites was investigated. Examples
of the stress—strain curves obtained in the wale direction
are shown in Fig. 6a and b. As it can be observed in
Fig. 6a, all P-composites have higher tensile strength and
undergo larger strain at rupture as compared with the neat

matrix (PN). The reinforcement architecture did not
(a) 423

604 1 7 1——PN

- 2 P-R-15

2 3——P-R-20
g _ 5 4 ——P-R-25
@ g 404 / 5 ——P-I15
7S / 6 P-1-20
S / 7 ——P-J-25

20

0 . ; : : ; :

—~
O
-~

Tensile Stress
(Mpa)

Tensile Strain (%)
FIG. 6. Stress—strain curves for KSPC with different reinforcement archi-

tecture and fiber volume fractions V; prepared by (a) PCCM and
(b) NYRIM techniques. For sample designation see Table 2.

DOI 10.1002/pc



significantly influence the tensile strength of the composites
and affects only slightly their tensile deformability. Except
for P-J-25 sample, all KSPC in Fig. 6a show a brittle
behavior. The increase of V; also had a minor effect on the
tensile performance of the P-composites.

Regarding the tensile properties of N-composites
(Fig. 6b), it is apparent that the in-mold polymerization of
ECL caused an increase in ductility (from 5 to 17%) and
tensile strength of the matrix component (from ca. 55 MPa
to 60 MPa), as illustrated by the stress—strain curve of the
neat matrix (NN). However, the tensile strength of all N-
composites was significantly lower than the PCCM samples.
The explanation of this experimental result should be related
to the finishing of the reinforcing textile structures. It can be
hypothesized that irrespective of the preliminary washing,
traces of the finishing probably remained on the textile fibers
and hindered the sensitive in-mold AAROP process that
forms in-situ PA6 matrix during NYRIM. This hindrance
resulted in a lower degree of conversion of ECL to high
molecular weight PA6 leading to the observed deterioration
of the mechanical performance of the N-composites. Since
the PCCM samples are produced with already existing PA6
powders, textile finishing does not have any influence there.

The tensile properties of all N- and P-composites are pre-
sented in Table 3. Within the P- or N-series, the increase of
Vi causes the reduction of the E-modulus and the raise of
the tensile strength and the strain at break of the laminates.
In the case of N-composites, a clear increase in the strain at
break is observed as Vi, increased, together with a drop in
the E-modulus and tensile strength. In the following sec-
tions, morphological, and crystallographic analysis are pre-
sented to investigate the possible causes for this behavior.

Morphological and Crystallographic Analysis of KSPC

Analysis of Fiber-Matrix Interface by Microscopy. In
composite materials, the bonding condition at the fiber-
matrix interface is critical to determine their mechanical

TABLE 3. Tensile properties of N- and P-composites.

Samples Young’s Tensile strength Deformation
reference modulus E (GPa) Omax (MPa) at break ey, (%)
PN 1.73 £ 0.02 56.7 £ 1.8 52+0.1
NN 1.38 £ 0.05 662 £2.9 12.1 £ 1.1
P-R-15 1.93 £ 0.03 655+ 1.3 92+05
P-R-20 1.68 £ 0.02 639+ 1.1 85+04
P-R-25 1.77 £ 0.03 67.8 £ 1.1 103 £ 0.1
P-J-15 1.66 £+ 0.02 62.1 £0.3 89+04
P-J-20 1.61 £ 0.03 62.3 £ 0.5 9.7£0.6
P-J-25 1.65 £ 0.03 653 £0.8 19.8 £0.2
N-R-15 1.04 £ 0.01 289 £ 0.6 7.1 £0.1
N-R-20 0.83 +£0.02 239 +0.8 133+ 1.7
N-R-25 0.77 + 0.02 235 +£0.1 18.0 £0.2
N-J-15 1.08 £+ 0.07 28.8 £ 0.4 92+14
N-J-20 1.02 £ 0.03 238 £ 1.6 14.1+£04
N-J-25 0.89 £ 0.01 21.8 £0.7 20.8 £ 0.4

For sample designation see Table. 2.
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performance. The preparation of SPC and other polymer-
polymer composites frequently includes a stage in which
the molten matrix-forming polymer crystallizes epitaxially
upon oriented crystalline fibers, whereby a transcrystalline
layer (TCL) is formed on the fiber surface [31,32].

The simplest method to detect the formation of TCL is
to compare the thickness of the reinforcing monofilaments
in the neat textile structure to that in the final laminate
composite. Logically, the formation of TCL can be
expected if the diameter of the initial textile filaments is
smaller than in the final laminate composite. This method
was adopted here to analyze PA6-based SPC. Ten readings
from various microscopy images were used in either textile
structures or SPC.

In Fig. 7a, the polarized light microscopy (PLM) image
of the knitted reinforcements shows that the average thick-
ness of the constituent monofilaments is around 17-18 pm.
The PLM micrographs of the P-composites (P-R-15 and P-
J-15 samples) reinforced by R-A and J-A are displayed in
Fig. 7b and c, respectively. The average thickness of the
monofilaments in the R-A-reinforced KSPC laminates (P-
R-15 samples) lies between 22-23 pm. Thus, the thickness
of TCL should be between 2-3 pm.

Figure 7c shows that the average thickness of the mono-
filaments in the J-A-reinforced composites (P-J-15 samples)
is between 21-22 pm, only slightly lower than in the R-A-
reinforced KSPC. Interestingly, the lower TCL thickness in
the J-A-reinforced KSPC correlates with the slightly lower
tensile strength and stiffness of these composites as com-
pared with those containing R-A plies.

Figure 8a and b displays the PLM images of the N-
series composites, with 15% of R-A and J-A reinforce-
ments. It can be verified that the average thickness of the
monofilaments embedded in N-composites lies between
19-20 pm. Since the same textile plies shown in Fig. 7a
with thicknesses of 17-18 pm were used in the N-compos-
ite, the TCL thickness in the latter should be of 0.5-1 pm
(Fig. 8a and b). In this context, it can be assumed that
based on PLM data, the thickness of the TCL in N-
composites is lower than in the P-composites. Most proba-
bly, the thicker TCL in the P-composites can be related
with the higher pressure applied during KSPC consolida-
tion than in the case of NYRIM where the mold closes
without exerting any pressure.

The reinforcement/matrix interface microstructure was
studied additionally by SEM. The Figure 9a and b shows
representative SEM images of the P-R-15 and N-R-15 sam-
ples cryogenically fractured along the wales (0°) direction.

As it can be observed on Fig. 9a, the P-composites show
good matrix impregnation of anionic PA6 matrix among
the monofilament. Moreover, there is no sign of melting or
surface degradation of embedded monofilaments accompa-
nied by voids and cracks at the filament/matrix interface.
Therefore, a strong interfacial bonding may be expected in
the P-composites. Thus, it is the textile monofilament that
bears the load without being pulled-out from the matrix.
Close to the point of its failure, the filament is stressed
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FIG. 7. Selected PLM images of: (a) J-A structure before laminate formation and measuring monofilament
thickness (inset); Measuring the thickness of embedded monofilament in (b) P-R-15 laminate composite; (c) P-
J-15 laminate composite.

longitudinally, which explains the conical configuration of
broken monofilaments (Fig. 9a).

The SEM images of the N-composites (Fig. 9b) display
clear microcracks in the regions at the matrix-filaments inter-
face. This behavior is indicative of poor filament/matrix
adhesion, which could be one of the reasons that led to
insufficient tensile performance of these KSPC. The micro-
graphs in Fig. 9b show a good wetting of the filaments by
the matrix material and almost circular cross-section of the
broken monofilaments that apparently did not resist the
external load efficiently and displayed a fragile failure.

Structural Studies by DSC. DSC experiments were
carried out on the textile reinforcements and KSPC pre-
pared by both techniques to better understand the crystal-
line structure of two KSPC types of this study, as well as
to determine the width of the PW. Figure 10a demonstrates
the DSC thermogram of the NN and PN matrices, MPs and
J-A (first and second scans). In the case of PCCM, the PW
is the difference in the melting temperatures (7,,,) values of
the PA6 MPs and reinforcement materials, that is in the
range of 13-14°C. For the N-composites, a PW of
ca. 60°C is determined, representing the difference between
the T, of the textile reinforcement (223°C) and the temper-
ature at which AAROP is carried out. Both PWs are signif-
icantly higher than that previously found for PA6-based
SPC [10]. This fact, as evidenced by the microscopy obser-
vations above, apparently solves the problem of the unde-
sirable melting of the reinforcements during the

compression molding. Figure 10a and Table 4 confirmed
that the T,,, of the PA6 MPs is 207.8°C, while those of R-
A and J-A reinforcements vary in the 223-224°C range.
This observation could be related to the fact that both tex-
tile structures are based on hydrolytic PA6 normally carried
out in the melt that is, at ca. 250°C, whereas the anionic
PAG6 of the MPs is produced at 130°C and in hydrocarbon
solution. The slightly lower M, of MPs in comparison to
the R-A and J-A could also be a reason for the lower T}, of
the former.

The curves of the first heating show also that the J and
J-A reinforcements displayed some broad low-temperature
endothermic peaks centered at 75°C (Fig. 10a, Curves
4 and 5) that remained not affected after the annealing with
fixed ends at 170°C for 90 min that is, below the Ty, of the
textile. Since this feature disappeared completely during
the second scan performed after complete melting of tex-
tiles (Fig. 10a, Curve 6), the corresponding peak was asso-
ciated to a relaxation processes within the knitted structure
occurring right above the glass transition temperature 7.

Comparing the first scan, DSC curves of NYRIM (first
NN) and PCCM (first PN) neat matrices (Fig. 10a, Curves
1 and 2) show that the PA6 matrices in both cases do not
undergo low-temperature crystallization or melting pro-
cesses. Interestingly, the first scans of the N-J-15 (Fig. 10b,
Curve 1) composite contain broad endothermic peaks cen-
tered slightly above 100°C that disappears during the sec-
ond DSC scan (Fig. 10b, Curve 3). Analyzing these peaks
in conjunction with the morphology and mechanical data,

FIG. 8. Microscopy surface topography of N-composites: (a) N-R-15 and (b) N-J-15.
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FIG. 9. SEM images after cryofracture of N- and P-composites; (a) P-R-15 and (b) N-R-15.

these broad transitions can be related to the presence of
oligomeric PA6 formed during the NYRIM process. These
oligomers only form when the in-mold bulk AAROP is
carried out in the presence of the textile structures and
not in their absence, since in the case of the NN curve
(Fig. 10a, Curve 1) such low-temperature transition is
absent. The supposed formation of oligomers can be an
indication that the textile structures inhibit the bulk
AAROP due to some surface finish that was not removed
during the textile pre-treatment with acetone. The weak
interface at the filament/matrix interface evidenced by SEM
and PLM (Fig. 9b) can also be related with excess oligo-
mer content in all N-composites.

6
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FIG. 10. (a) DSC scans of: 1—NN; 2—PN; 3—MPs; 4—1J; 5—first scan
J-A; 6—second scan J-A; (b) DSC scan of KSPC: 1—N-J-15 (first scan);
2—P-J-15 (first scan); 3—N-J-15 (second scan); 4—P-J-15 (second scan).
For sample designation see Table 2.
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To verify the hypothesis about oligomer formation,
NYRIM laminate SPC were extracted with ethanol in a
Soxhlet attachment until constant weight, which produced
a decrease in weight of 1-2% for the NN plate and up to
8% for the N-J-25 composite. This finding is in good
agreement with all the above mechanical testing data and
explains the inferior mechanical properties of the N-
composites compared with the P-composites (Table 3).
Let’s remind that the anionic PA6 MPs used in the PCCM
methods to prepare KSPC do not contain oligomers since
they are eliminated in the stage of MPs purification.

Analyzing the DSC curves of both types of KSPC in
Fig. 10b shows that the melting peak of the PCCM mate-
rials during the first and second scans contain low- and
high temperature shoulders. Although in the first scan these
shoulders could be related to the melting of PA6 originat-
ing from the matrix and textile structures respectively, dur-
ing the second scan the dual melting behavior could be
rather associated with the well-known a-y polymorphism
in PA6.

The glass transition temperatures T, the melting temper-
atures Ty, and crystallinity indices XPSC of all KSPC are
tabulated in Table 4. For comparison, DSC data of the pre-
cursors and the neat matrices are also given. Due to the
relatively faster cooling down during the compression
molding, the XP5Cof PN becomes lower than that of MPs.
The crystallinity of the NN matrix is 43% that is,

TABLE 4. Crystallinity index XP5¢ for KSPC and their components.

Sample designation T, °C)* T, (°C) T, (°C) XPs¢, 9
MPs 32.3 207.8 - 34.9
PN 333 210 - 27.5
NN 47,1 - 218.8 43.0
J-A 57.0 - 223.5 41.9
R-A 56.5 - 223.2 46.0
P-J-15 30.3 210.2 216.5 31.0
P-R-15 323 208.2 217.8 30.9
N-J-15 29.9 - 216.6 26.0
N-R-15 30.7 - 218.3 25.5

For sample designation see Tables 1 and 2
T, determined during the second DSC scan.
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significantly higher than in the PN matrix (33%) resulting
from the much lower cooling rate and better temperature
control during the in-mold NYRIM process that permits
the formation of more crystalline phase. As regards the
textile-reinforced KSPC; however, the P- and N-composites
display similar degree of crystallinity in the 30-32% range.

Table 4 shows also that the T, of the two textile struc-
tures after annealing lie between 56 and 57°C, while the T,
of all KSPC are between 30 and 33°C. This observation
indicates higher segmental mobility of the polymer chains
in the amorphous fractions of the anionic matrices of both
types as compared with those in the knitted textile rein-
forcements. A possible reason could be the higher crystal-
linity indices of the latter and the orientation of the textile
monofilaments.

Structural Studies by X-Ray Diffraction. To better
understand the differences and similarities between the
PA6 matrix and reinforcement in KSPC and their precur-
sors, X-ray diffraction studies were performed. The linear
diffraction patterns of representative samples were col-
lected and deconvoluted by peak fitting. Equation 3 was
implemented to calculate the total crystallinity index and
the specific content of a- and y-PA6 polymorphs. Accord-
ing to previous findings [26], a monoclinic unit cell lattice
was assumed for the a-PA6 form characterized by two
peaks corresponding to o[200] and «[002/202] crystalline
planes with 20 being centered in the studied samples at
ca. 20 and 23°, respectively. For the y-crystalline form, a
pseudo-hexagonal unit cell was supposed for all samples,
as suggested by Samon et al. [33]. Therefore, it fits with
two Gaussian peaks corresponding to y[001] and y[200]
crystalline planes were performed with 20 being between
21 and 22°. The diffuse scattering of the amorphous PA6
component was presented by two wide Gaussian peaks
(halos). This procedure led to good fits with fitting coeffi-
cients r* > 0.99.

Representative X-ray patterns and their deconvolutions
are shown in Fig. 11a—d. It can be seen that all PA6 textile
structures and neat matrices contain the dual peaks for the
o-polymorph («[200] and «[002/202]) and the two peaks
for the y[001] and y[200] planes. In addition to this, the
PN neat matrix (Fig. 11a) and J-A (Fig. 11c) contain a
clear reflection attributable to the y[020] plane situated
between 10 and 15°. As Fig. 11c shows, the a-PA6 poly-
morphs are fitted with symmetric crystalline peaks, which
is typical for oriented PA6 [26]. It should be noted also that
in the PN (Fig. 11a) and NN (Fig. 11b) samples the a[200]
reflection is weaker than the a[002/202] peak. This indi-
cates that during the crystallization of the respective PA6
material, the a-crystallites display a decreased growth
along the plane determined by the weaker intermolecular
van der Waals forces.

The fitted WAXS patterns of a P-composites with 15%
fiber content is presented in Fig. 11d. The pattern deconvo-
lution allowed a separation of the «[200] and a[002/202]
reflections of the anionic matrix PA6 obtained by PCCM

E894 POLYMER COMPOSITES—2019

(@) 200
-AM,;
- AM,
> 150 4 3-Y[020]
Z
2] - Y[001]+[200]
S - A[002]/[202)
S 1004 -
R 200]
504
0 e -
(b) 400 +— . . . r
1- AM;
2- AM,
. 300 4 3- Y[001]+[200]
= 4- ®[002]/[202)
=} 5- ®[200)
L 2004
=
P
100
e .
0 b S i
(c) 4001 — : . : :
1- AM,
2- AM,
300 5 3-Y[020)
4- Y[001]+[200]
g{‘ 5- Q[o02]/[202]
@ 2004
= 6- ®[200]
2
=
=
100 4
0 COn
(d) 00— . . . .
1- AM,;
A 1 2- AM,
300+ | { 3- Yiozo)
L 1 4- ¥[001]+[200]-m,r
2 200 5- ®[200]-r
g 6- A[200]-m
= 1 7- Q[o02]/[202) -
g
100 4 3 8- [002)/[202]-m
0 -
T T T T T
10 15 20 25 30 35
Scattering angle 20, degree
FIG. 11. WAXS patterns and their fits of KSPC building components:

(a) PN; (b) NN; (c) J-A. WAXS patterns and their fits of KSPC:
(d) P-J-15. For sample designations see Table 2. AM,; and AM, = diffuse
peaks of the amorphous PAG6.

and the hydrolytic PA6 of the textile structures. For the
peaks of the two y-polymorphs, however, such separation
was impossible. The a-PA6 matrix peaks are wider than
those of the textile reinforcements. This means that the
anionic PA6 matrix material formed during the PCCM pro-
cess consists of less perfect and non-oriented crystallites,
while the PA6 from the knitted textile filaments did not
melt, remaining oriented.
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Table 5 shows the crystalline phase separation and the
degree of crystallinity X)"AXS of N- and P-composites. As
seen from Table 5, the XZVAXS values of the stretched and
annealed textile structures R-A and J-A of ca. 53% are
significantly higher than those of the neat PA6 plates
obtained by either NYRIM or PCCM and the P-compos-
ites. The N-composites displayed slightly higher crystallin-
ity indices, approaching 50%. The rate of cooling in the
semiautomatic NYRIM mold is lower than in compression
molding, which determines the higher X'AX5 values in the
former case.

The relationship between the o~ and y-crystalline phases
seems to be also affected by the different thermal regimes
and orientation of the samples. Higher a/y ratios of ca. 4.0
are observed in the R-A and J-A textile structures. Appar-
ently, their orientation and the lack of melting during their
annealing promote the creation of a-PA6 polymorph. At
the same time, in the neat PN and NN samples the fraction
of the a-PA6 is much lower, especially in PN, wherein an
equilibrium between the two PA6 polymorphs is observed.
This effect is explained with the melting of the MPs and
their relatively fast cooling down before demolding.

Notably, in all of KSPC samples the two o-reflections
of the textile structures have become asymmetric, with the
«[002/202] peak becoming stronger. Since no melting of
the reinforcing monofilament occurred, as shown by the
microscopy study above, recrystallization of matrix PA6
upon the oriented textile filaments during the laminate con-
solidation can be hypothesized with a preferred growth of
the a-crystallites along the direction of the plane of the
strong intra sheet H-bonding. This is one more proof,
although indirect, for the possibility of TCL formation dur-
ing the KSPC preparation by either NYRIM or PCCM.

In the P-composites, the o/y ratio is closing or slightly
above 2.0, while in the N-composites it is in the 2.5-3.3
range. Again, this should be attributed to the different

temperature profiles in the NYRIM and PCCM process.
Also, in the compression molding technique one deals with
melting of already existing PA6, whereas in the NYRIM
technology the PA6 matrix is formed in situ and only crys-
tallizes during the process, without any melting. This
causes the higher values of the total crystallinities and the
a-polymorph content in the latter case.

Table 5 also presents the values of the evolution of the
d-spacings of all neat PA6 samples obtained by PCCM and
NYRIM and in the respective laminates containing 15% R-
A and J-A structures. Quite notably, tohe dy020y of the P-
composites varying between 6.0-6.6 A is lower than the
respective values of the NYRIM materials being in the
range of 7.0-7.3 A. With the other long spacings the differ-
ences are smaller. Apparently, the crystalline cell type and
dimensions are not strongly affected by the parameters of
the consolidation techniques. It should be noted that in
many cases in Table 5, it was possible to distinguish the
crystalline planes of the PA6 matrix obtained by NYRIM
or PCCM and those of the oriented PA6 from the reinforce-
ments. Unfortunately, having in mind that the WAXS pat-
terns in this study are produced by standard WAXS
equipment with a certain level of noise, the differences
between the d-values of the matrix and reinforcement PA6
are too small to be interpreted.

CONCLUSIONS

Single polymer laminate composites based on anionic
PA6 matrix and reinforced by PA6-knitted textile structures
were successfully prepared by two techniques: (1) a combi-
nation of powder-coating of PA6 knitted textile structures
with PA6 MPs and subsequent consolidation by compres-
sion molding (PCCM process), and by (2) RIM including
the in-mold preparation of the PA6 matrix, in the presence
of the same knitted textiles (NYRIM process). The PA6

TABLE 5. Data from the deconvolution of the WAXS patterns of KSPC, textile structures and anionic PA6 precursors.

Sample ng AXS (%) a (%) Y (%) % da(zom(/o\) da(002)/(202)(‘&) dy(ozo)(/e\) dy(OOl)(A) dy(ZOO)(A)

PN 34.9 17.4 17.5 1.00 432 3.68 7.48 433 4.00

NN 44.8 28.3 16.5 1.72 4.24 3.60 - 3.70 3.53

J-A 52.8 41.0 11.8 3.47 435 3.74 6.13 4.10 3.96

R-A 53.6 429 10.7 4.00 424 3.68 6.97 4.04 3.93

p-J-15 459 18.0% 14.9 2.08 438 R 3.57R 6.57 4.03 3.86 R
13.0M 423 M 3.63M 373M
31.0T

P-R-15 43.7 87k 15.3 1.86 441 R 351 R 6.06 4.04 3.94R
19.7M 425M 3.63M 375M
2847

N-J-15 50.9 21.8 R 11.9 3.27 445R 375k 7.32 425R 405R
172M 4.60M 3.67M 420M -
3907

N-R-15 474 198 ® 13.3 2.56 443 R 376 R 7.02 3.97R 3.84 R
153M 454 M 3.68 M 431 M 4.19M
3417

For sample designation see Tables 1 and 2.
R, Reinforcement; M, Matrix; T, Total.
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MPs for PCCM were prepared by anionic polymerization
in suspension prior to compression molding. In the
NYRIM process, a similar anionic polymerization process
was applied but carried out in situ in the bulk and directly
in the NYRIM mold, in the presence of the respective tex-
tile reinforcements. The influence of reinforcement archi-
tecture (R-A and J-A), V¢ (varying in the 15-25% range),
and reinforcement orientation (wale and course directions)
on the tensile properties of KSPC was evaluated for both
molding techniques.

It was found out that the PCCM process can produce sin-
gle polymer laminates with good mechanical properties in
tension, reaching E- and o0, values of 1.93 GPa and 67.8
MPa, respectively, meaning relative improvements of 12 and
18% as compared with the neat PA6 prepared from MPs.
These results were produced with composites from the P-
composites containing 15% and 25 vol% of R-A textiles.
Increasing the V; did not significantly improve the E-modulus.
The NYRIM technique produced laminates with lower stiff-
ness and strength, the reason being the formation of oligomers
in the presence of the knitted textile reinforcements. This tech-
nique is advantageous for the preparation of neat PA6 plates.

The microscopy results and indirectly the WAXS stud-
ies suggested the formation of a TCL at the fiber-matrix
interface in both NYRIM and PCCM material, it being
slightly thicker in the latter case. Structural studies by ther-
mal methods and WAXS indicated the importance of the
stretch-annealing of the textile reinforcements and of the
temperatures for sample consolidation in both processes.

Further improvement of the KSPC mechanical behavior
will require novel reinforcements” architecture, e.g. the use
of woven textiles, optimization of their surface finishing
and studying the interlaminar shear strength of the KSPC
as a function of ply the amount and alignment.
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