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1 | INTRODUCTION

| Einar L. Hinrichsen' | Erik Andreassen’

Abstract

The usage of thermoplastic elastomers (TPEs) is increasing, and integrated
hard-soft parts can be mass produced by two-component injection molding
(or sequential molding). A key property of such parts, the adhesion between
the two materials, is the topic of this study. The hard part (the first molded
component) in this study was polyamide-12 with 0 to 50 wt% glass fibers
(PA12-GF). As the second component, two TPEs were used: a vulcanized TPE
and a styrenic TPE, both modified for adhesion to polyamides. The adhesion,
assessed by 90° peel tests, increased with increasing melt temperatures and
TPE injection rate, while it decreased with increasing glass fiber fraction in the
PA12-GF. Based on characterization of cross-sections and fiber distributions
near the interface, we propose some hypotheses for the effect of fiber fraction
on the fusion between PA12-GF and TPE. These hypotheses involve the near-
surface properties of the PA12-GF materials, microstructure, thermo-
mechanical properties, and thermal properties. A direct effect of increasing the
glass fiber fraction, that is, a reduction in adhesion as more fibers are present
at the interface, does not seem to be a major effect, since few fibers are in
direct contact with the TPE for any fiber fraction.
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associated with 2CIM are production efficiency and good
and repeatable adhesion between soft and hard parts.'?!

Two-component injection molding (2CIM) is a sequential
injection molding process, combining two materials into
one molded part. The two materials may be a soft-hard
pair as in this study. An automated 2CIM process
requires an injection molding machine with two injection
units, and a special mold which sequentially defines the
cavities of the first and second component.! Benefits

Thermoplastic elastomers (TPEs) are used in an
increasing number of applications, including in the auto-
motive sector.!**! This study focuses on two common
TPE types: styrenic TPE (TPS) and dynamically vulca-
nized TPE (TPV). A TPS is typically based on a triblock
copolymer of styrene and a diene, in which the two hard
end blocks are polystyrene, and the soft middle block is a
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polydiene.**! A TPV is an immiscible blend of a thermo-
plastic (the continuous phase) and a crosslinked elasto-
mer.[>**! Although the research toward more capable
TPV types is intense,*® most commercial TPV grades
have a polypropylene (PP) matrix. TPV and TPS materials
have different morphologies, but both have a complex
phase-separated morphology.[zl A third group of TPE
materials, relevant for overmolding on polyamides, is
polyamide TPE (TPA). TPA materials are block copoly-
mers with alternating hard and soft blocks, with a poly-
amide in the hard blocks and a polyester and/or a
polyether in the soft blocks.!”! TPA materials based on
various polyamide hard blocks have been reported,'® and
poly(ether-block-amide) elastomers (PEBA) based on
polyamide-12 (PA12) are commercially available.

The mechanisms of adhesion relevant for polymer
materials can be categorized according to its source:
mechanical, molecular, and chemical. Mechanical adhe-
sion is related to the topography of the interface; features
at the micro- or macroscale hinder interfacial separation.
Molecular adhesion is defined as the adhesion due to dif-
fusion of molecules, so that molecules from one or both
materials infiltrate the other. In 2CIM, this means diffu-
sion of chain segments from one material into the other,
as well as interentanglement and possibly inter-
crystallization. Chemical adhesion could be noncovalent
chemical bonds (always present to some degree) or cova-
lent bonds. Noncovalent bonds such as polar interactions
and hydrogen bonds could be facilitated in the case of
2CIM by adding compatibilizers or by modifying the
chemistry of one of the polymers by functionalization.
Covalent bonds form if chemical reactions occur between
the materials, and chemical reactions may occur during
the molding process or in a postprocessing curing step.'!
One of the materials in 2CIM, for example, the TPE, can
also be modified to have reactive groups, for example, a
styrene-(ethylene-butylene)-styrene triblock copolymer
(SEBS) grafted with maleic anhydride (MAH). Grafting
MAH to a TPE is a common industrial method to pro-
duce a TPE with increased compatibility vs various poly-
mers or fillers.>''! MAH-containing polymers can react
with polyamides directly via amine end groups, and indi-
rectly via hydrolysis of amide groups.'*!

Studies of adhesion in 2CIM have used different test
geometries, see Figure 1. In studies with a butt joint
(Figure 1A),"*™®! the melt flow of the soft material
reaches the end of its flow path perpendicular to a sur-
face of the hard part. Other studies employ sample geom-
etries where the flow direction of the soft material is
parallel to the side surface of the hard part
(Figure 1B).1%2%! A third geometry type has the soft melt
flow parallel the top surface of the hard part
(Figure 1C).??7! The latter geometry type is used in the
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FIGURE 1
drawings, the first shot (hard) is dark gray and the second shot

Schematics of specimen geometries. In these

(soft) is light gray. The arrows indicate typical gate locations. A,
Butt joint; B, Side surface joint; C, Top surface joint. Type C was
used in this study, but with equal widths of first and second shot

VDI guideline for adhesion testing of 2CIM materials.'**!

These geometry types differ in terms of fusion conditions
near the interface (temperature, flow, pressure) and in
terms of expected uniformity of the adhesion strength.
However, effects of molding conditions may be more
important than flow geometry effects for the adhesion.
Many studies of adhesion in 2CIM have used PP as
the hard substrate, overmolded with TPE materials or
compounds, such as TPS,'*' TPV,?°! and various
copolymers.?>2425 These studies are in consensus that
mold and melt temperatures are important for good
adhesion, as these temperatures control the interface
temperature, which in turn enables interdiffusion, and
possibly cocrystallization. The TPEs in refs. [20, 22, 24,
25] had segments of either propylene, octene, or butene
and, hence, a chemistry partly compatible with a hard PP
substrate. However if the material pair was less compati-
ble, the adhesion was due to interdiffusion or Rouse type
fingering®! rather than cocrystallization and could be
obtained also without melting of the hard substrate.
Effects of adhesion promotors and chemical modifica-
tions have also been studied. Bréduer et al. studied 2CIM
with urethane TPE (TPU) on polyamide-6 (PA6).l'7*)
Introducing a chemical modifier, 4,4'-diphenylmethane
diisocyanate, to the TPU, improved the adhesion, by
enabling a chemical reaction between chemical groups in
the soft and hard materials."”** Injection molding
parameters were less influential than the chemical modi-
fication, but adhesion was affected by the melt tempera-
tures. The adhesion decreased with increasing (first shot)
PAG6 temperature for both modified and unmodified TPU
(reduced molecular weight of the PA6 with increasing
PA6 melt temperature was suggested as a cause), while
the adhesion increased with increasing (second shot)
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TPU temperature for modified TPU (for unmodified
TPU, there was no significant effect).[”!

Hard-hard combinations have also been studied. A
2CIM study with PA66 on PA66/'®! focused on the effect
of mold temperature on morphology and interface
strength. The adhesive strength increased with mold tem-
perature and this was attributed to improved interdiffu-
sion. Mold and melt temperature in combination with
variothermal processing was used to control the mor-
phology in the first component, but the morphology did
not have a significant effect on the adhesive strength.['®!
In a 2CIM study of PA6 on PE, which was blended
with 0 to 100 wt% PE grafted with maleic anhydride
(PE-g-MAH),"*”) the adhesion increased with increasing
PE-g-MAH fraction (the strength was almost zero with-
out PE-g-MAH). Postmolding annealing lead to an
increase in the adhesive strength (but only for PE with
PE-g-MAH).[*"]

There are few publications on 2CIM with glass-filled
substrates. Some have reported small effects of glass
fibers in the substrate on the peel force (at least for fiber
fractions up to 30 wt%), while other have observed a
strong negative effect. Bastian et al.*! investigated the
peel strength of TPV grades overmolded on PA6 and
PA66, with and without 30% glass fibers. The TPV grades
were modified for adhesion to polyamide, and had shore
A values 55, 70, and 85. Good adhesion was reported for
all the polyamide substrates. A figure for one of the TPVs
showed that it broke in peel tests with both PA66 and
PA66-GF30 substrates, and the force level corresponded
to excellent adhesion. However, Bastian et al. pointed out
that glass fiber contents above 30% would affect the adhe-
sion negatively, by reducing the polyamide content at the
surface, and promoting glass fiber agglomerations.
Neuer*!! measured the peel force of an adhesion modi-
fied TPS overmolded on six different PA6 materials; a
standard grade without any special additives, a
PA6-GF30 grade, and grades with nucleating agent,
impact modification, higher viscosity, green pigment or
flame retardant, respectively. Among these six PA6 mate-
rials, the PA6-GF30 grade gave by far the lowest peel
force; about a third of the value obtained with the stan-
dard PA6 (and even larger reduction for some molding
conditions). The flame retardant also had a clear negative
effect on the peel force. Islam et al.'**! studied several fac-
tors affecting the adhesion of hard-hard combinations in
butt joint specimens produced by overmolding a “cold”
first component, that is, not in an automated 2CIM cycle
with two injection units and a special mold as described
at the beginning of this section. Polystyrene (with 0 or
30 wt% glass fibers) was overmolded by either polycar-
bonate or a blend of polyphenylene-ether and polysty-
rene. The tensile tests of the butt joint specimens showed

no difference between substrates with 0 and 30 wt% glass
fibers for the latter material combination, and only a
small negative effect of glass fibers for the former mate-
rial combination (a 10% reduction, but hardly statistically
significant).

The focus of the present study is the influence of the
glass fiber fraction in the hard material (PA12) on the
adhesion between hard and soft materials in 2CIM. The
soft materials in this study (a TPS and a TPV) are modi-
fied for improved adhesion to polyamides. Note that
PA12 has fewer amide groups than the more common
polyamide materials PA6 and PA66.

2 | EXPERIMENTAL

2.1 | Materials
Two TPE materials where acquired from Kraiburg
(Waldkraiburg, Germany): a TPV and a TPS (commercial
names TV6VAZ and TC6PCZ). The TPV was based on a
cross-linked SEBS (xSEBS) in a PP matrix. The TPS was
also based on SEBS. Both materials were black, had a
shore A hardness of 57 and were modified (by the manu-
facturer) for improved adhesion to polyamides.

Four commercial PA12-based materials with 0 to 50 wt
% short glass fibers were acquired from EMS-Grivory
(Domat/Ems, Switzerland), see Table 1. PA12 materials
offer a good combination of stiffness, impact strength,
chemical resistance, and geometrical tolerance.*?! The
producer has published values for the storage shear mod-
uli as function of temperature, see Appendix A1.1*¥! These
injection molding materials have similar medium viscosity
according to the datasheets; with viscosity number*! in
the range 170 to 200 mL/g (note that the viscosity number
is a measure of the PA12 fraction only, the fibers do not
contribute to the viscosity number).

2.2 | Injection molding trials and
geometry of test specimen

The two-component test specimens were produced in an
injection molding machine with 110 t clamping force
(Engel ES 330H80W/110HL 2F), equipped with two
injection units and a rotary table. The larger injection
unit (30 mm diameter screw) was used for the hard mate-
rial, and the smaller unit (22 mm diameter screw) was
used for the TPE. The mold was based on the rotary plate
principle. One side of the mold rotated 180° around a
horizontal axis perpendicular to the parting plane,
thereby defining a cavity for the second material to be
injected, while also injecting one first component.
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PA12-based materials (manufactured by EMS-Grivory) used in the study, all heat- and UV-stabilized, and measured viscosity

number (VN), glass transition temperature (Tg) and melting temperature (Ty,)

Grade ISO code Color VN (mL/g)
L 20H PA12 Natural 154 + 2
LV-15H PA12-GF15 Natural

LV-15H PA12-GF30 Blue

LV-15H PA12-GF50 Black 146 + 1

Note: Tensile modulus (E) and density as specified by the producer.
Abbreviation: PA12, polyamide-12.

“Conditioned.

"Measured by differential scanning calorimetry.

(A)

x - flow direction
y - "in plane" direction

y z - through thickness direction

FIGURE 2 A, A representative peel specimen, prior to testing,
here made of PA12-GF30 (blue) and a black TPE (covering the
entire bottom part of the specimen). Markings on the polyamide
surface: The lines define the beginning and end of the peeling, and
the arrow shows the direction of the peel. The TPE component was
cut free from the hard component, from the right hand side to the
line with the arrow. B, The experimental setup for the 90° peel test.
Here with a test specimen of natural PA12 and black TPE. PA12,
polyamide-12; TPE, thermoplastic elastomer [Color figure can be
viewed at wileyonlinelibrary.com]

A 2CIM specimen is shown in Figure 2A. It is based
on a standard tensile test specimen; type 1A of ISO 527-2.
Except the TPE peel tab, the polyamide and TPE parts

Ty, T (°C) E, 23°C?* (MPa) Density (g cm—>)
40, 176 1100 1.01

3000 1.12

6000 1.22
43,177 11 500 1.47

were both 2 mm thick. The mold surface corresponding
to the surface of the hard part to be overmolded was pre-
pared by blasting with glass particles in order to achieve
a surface roughness with Ra 4.5 pm. This roughness
value conforms with the range given in a guideline.!*!
Compared to the original milled surface, this roughening
gave a large increase in adhesion.

The melt temperatures of the hard and soft materials,
and the injection time for the soft material, were varied
in this study. The studied combinations of materials and
melt temperatures are shown in Table 2. The other
processing parameters were kept fixed, based on recom-
mendations from the suppliers, and judgment of good
parts.

2.3 | Adhesion test (90° peel test)

Before testing, the specimens were stored at 22°C to 23°C
for minimum 4 weeks, and then conditioned minimum
24 hours at 23°C and 50% relative humidity. The tests
were performed at 23°C. The adhesion between the TPE
and the polyamide-12 with 0 to 50 wt% glass fibers
(PA12-GF) was measured in a 90° peel test, using a uni-
versal testing machine (Zwick/Roell Z250), with a 2.5 kN
load cell, see Figure 2. The width of the peeled layer was
10 mm, that is, the full width of both molded parts in the
narrow section of the test specimen. Prior to the test, a
lip of the TPE was cut free with a sharp carpet knife, to a
distance of 10 mm, see Figure 2A. The test specimen was
kept in position by a fixture with rollers as shown in
Figure 2B. The crosshead speed was 50 mm/min and the
peel length was 70 mm. In some tests, the horizontal dis-
placement was logged separately. This reduced the peel
length to about 50 mm. First, it was checked if the force
vs distance curve had a pronounced initialization peak.
An average peel force, Fye., Was calculated from each
peel test, based on an identified plateau zone of the force
vs displacement data. The Fj calculation excluded the
initial peak force and also artifacts at the end of the
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Soft material Tsore (°C) Hard material
TPV 210, 230, 250, 270 PA12

TPV 250, 270 PA12-GF15
TPV 250, 270 PA12-GF30
TPV 250, 270 PA12-GF50
TPS 230, 250 PA12

TPS 230, 250, 270 PA12-GF30

TABLE 2
materials and melt temperatures (Tsog

Thara (°C) Combinations of used

255
255
255, 285
255, 285
255
285

and Thard)

Note: Moreover, the filling time for the TPE was varied (0.8, 1.6, and 3.0 seconds) for most melt temperature combinations. The filling time
for the hard part was constant at 0.5 second. The mold temperature was measured to 40°C.
Abbreviations: TPE, thermoplastic elastomer; TPS, styrenic thermoplastic elastomer; TPV, vulcanized thermoplastic elastomer.

peeling. Hence, F, is the force corresponding to stable
peeling. The tests in which the horizontal displacement
was measured confirmed that the force plateau cor-
responded to peeling progressing over the specimen
length.

24 | Characterization of materials and
surfaces
A Fourier transform infrared spectrometer, Cary

670 series from Agilent Technologies, was employed to
characterize the chemical composition of the injection
molded parts. The infrared (IR) absorption spectra were
measured in attenuated total reflection (ATR) mode, with
a diamond crystal having an analysis depth of approxi-
mately 1.7 pm for polymers at 1000 cm™. The surface
(as molded) and bulk (fresh cuts) of injection molded
PA12-GF parts were characterized, as well as the surface
of the TPE parts. To evaluate the concentration of fibers
near the surface of PA12-GF50, the spectrum of this sur-
face was compared to those of the (neat) PA12 surface
and the bulk of PA12-GF50, for the broad absorption
assigned to glass from about 1300 to 810 cm™".

The viscosity number>* of some of the PA12 mate-
rials (pellets) was measured with m-cresol as solvent. The
method was based on ISO 307,1>* except that a rotational
rheometer was used (Physica MCR300 rheometer,
employing a 50 mm cone and plate fixture). For various
polyamides, this modified method has shown to give
results similar to ref. [34].

White light interferometry (WLI), with a Wyko
NT9800 instrument, was employed to characterize the
surface topography of the hard parts (which were not
overmolded), in the center of the surface intended for
overmolding. The topography of the surface allowed for
measuring 68% of the area with this instrument and the
chosen optics. The measurements were repeated twice on
areas sized 0.30 X 0.40 mm (pixel size 0.36 pm). WLI was
also employed to characterize the laser engraved lines,

with a measurement area of 1.10 X 0.86 mm (pixel size
1.8 pm). The measurements were analyzed with software
from Wyko and Gwyddion.

Cross-sections of 2CIM parts and polyamide parts
(not overmolded) were cast in transparent epoxy and
polished. The cross-sections were cut in the y-z plane
(Figure 2A), halfway along the flow path (x direction).
Hence, in the microscope pictures of cross-sections, the
hard-soft interface is horizontal (but not a straight line),
with the hard and soft components above and below the
interface, respectively. The cross-sections were character-
ized by optical microscopy. Optical microscopy was also
used to inspect the laser engraved lines. Scanning elec-
tron microscopy (SEM) of the cross-sections was per-
formed with low vacuum, and high vacuum after gold
plating.

Hot stage microscopy was performed with a Linkam
THMS350V, using a heating rate of 10°C/min up to
205°C. The samples were 10 to 20 pm thick flakes of
PA12 and PA12-GF30, cut off with a scalpel from the skin
layer of injection molded specimens.

A laser engraver (LaserPro Spirit GX), with a CO,
laser (wavelength around 10 pm, ie, mid-IR radiation),
was used to engrave shallow lines on PA12-GF
specimens—on the surface overmolded in the 2CIM tri-
als, corresponding to the milled mold surface. The idea
behind this experiment was to analyze the melting of the
surface, for materials with different glass fiber contents.
Three different laser power levels were used. The laser
path was perpendicular to the flow direction.

3 | RESULTS

3.1 | 90° peel tests—Effects of glass fiber
content and process conditions

Results from peel tests of specimens overmolded with the
TPV are shown in Figure 3A to D, and the main trends
can be summarized as follows: The adhesion (peel force)
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FIGURE 3 Peel force vs crosshead displacement for TPV on PA12 with 0 to 50 wt% GF. The melt temperatures of the materials are
given in each figure. The TPE filling time was 1.6 seconds in all cases, except in (B) (0.8 second; dashed curve). Curves for three repeated
tests are shown in each series. PA12, polyamide-12; TPE, thermoplastic elastomer; TPV, vulcanized thermoplastic elastomer [Color figure

can be viewed at wileyonlinelibrary.com]

increases with decreasing glass fiber content in the hard
material. However, for some processing conditions, as in
Figure 3C, the effect is small; in this figure, the fiber con-
tent mainly influences the initial peak force. Comparing
Figure 3A with Figure 3B shows that increasing the TPV
melt temperature (from 250°C to 270°C) increases the
adhesion. The same trend is seen when comparing
Figure 3C with Figure 3D. Comparing Figure 3A with
Figure 3C shows that increasing the melt temperature of
the (first injected) hard material (from 255°C to 285°C)
also increases the adhesion, in particular for PA12-GF50.
The same trend is seen when comparing Figure 3B with
Figure 3D. The fill time for the TPV also has some effect
on the adhesion as seen in Figure 4. Reducing the fill
time from 1.6 to 0.8 second increases the adhesion, but
there is no significant difference between the fill times
1.6 and 3.0 seconds, with this set of molding parameters.
To put the peel force values in perspective, the VDI
guideline!® ranks adhesion levels based on the peel
force per specimen width. A value above 2.5 N/mm is
characterized as “very good,” and a value above 4 N/mm
as “excellent.” In our case, the specimen width (hard and
soft part) is 10 mm. Note that in the VDI guideline, the
hard substrate is wider than the soft specimen, which
gives a more uniform adhesion over the specimen width.

®0 —TPV on PA12-GF15t: 0.8s — TPV on PA12-GF50 t: 0.8s
50 4| —TPV on PA12-GF15 t: 1.6s — TPV on PA12-GF50 t: 1.6s|
TPV on PA12-GF15 t: 3.0s TPV on PA12-GF50 t: 3.0s

Z 40+ ,

g "

S 30

3 20 A

o TTPV: 250 °C
o Tonry: 255 °C

0 T

100 150
Crosshead displacement [mm]

200

FIGURE 4 The influence of injection time of the TPV (0.8,
1.6, and 3.0 seconds) on peel force. Results for TPV on PA12-GF15
and PA12-GF50. Curves for two specimens are shown for each
series (curves with the same color). TPV, vulcanized thermoplastic
elastomer [Color figure can be viewed at wileyonlinelibrary.com|

The TPS (Figure 5) generally showed higher peel
forces than the TPV (Figure 3), and in the best cases the
adhesion was so high that the stretched TPS part broke
while initiating the peeling (at a force corresponding to a
nominal tensile stress around 3 MPa). The TPS showed
the same trends as the TPV regarding peel force vs glass
fiber content and melt temperature (Figure 5).
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O
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0 | | ]
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FIGURE 5 Peel force vs crosshead displacement for TPS

on, A, PA12 and, B, PA12-GF30. The respective melt temperatures
are shown in the diagrams, and the injection time was 1.6 seconds.
The dashed series in (B) corresponds to tensile failure of the TPE.
PA12, polyamide-12; TPE, thermoplastic elastomer; TPS, styrenic
thermoplastic elastomer [Color figure can be viewed at
wileyonlinelibrary.com]

Referring to the force-displacement curves in
Figure 3, some observations can be noted. Up until a
peak force or at a marked change in the slope, the
recorded crosshead displacement only corresponds to
elongation of the TPE part. This was confirmed by peel
tests in which the peeling distance was measured in addi-
tion to the crosshead displacement. Note that an initial
peak force, corresponding to peeling initialization, was
not observed for cases with low adhesion, and it was not
observed for any of the specimens based on PA12-GF50.
After initialization of peel, the force reaches a plateau,
corresponding to a steadily advancing peel. In some
cases, this plateau has a small positive slope. Comparing
the force curves during peel in Figure 3A with Figure 3B,
it seems that sloping peel curves occur when the adhe-
sion is low, while rather flat plateaus are seen when the
adhesion is higher. Toward the end of the test, in some
cases, the curves show a marked increase in force. This is
an artifact as a result of the arrest of the peel when
reaching the end of the narrow section of the test
specimen.

An average peel force, Fpe., was calculated for each
peel test as described in the Section 2. Trends for this
average peel force for the TPV are shown in Figure 6,

(A) 60
= TPV (270°C) on PA (285°C)
= 50 . TPV (270°C) on PA (255°C)
Z ~=TPV (250°C) on PA (285°C)
S 40 —+ TPV (250°C) on PA (255°C)
(]
> T .\i
3 30 4 * .
o e
[ |
(=) 4
g 20
Z 10 { e
0 , . ; . .
0 10 20 30 40 50 60
PA12-GFWf [%]
(B) 60

—TPV on PA12 (255°C)

S 50 {| = TPV on PA12-GF15 (255°C)
v ~~TPV on PA12-GF30 (255°C)
5 %0 1[=TPVon PA12-GF50 (255°C)
T 30 3 .
o /
@
2 20
g
Z 10 -
0 : : ; : ,
220 230 240 250 260 270 280

TPV Melt temperature [°C]

FIGURE 6 Average peel force for the TPV vs, A, glass fiber
fraction of the PA12 and, B, melt temperature of the TPV. The
temperatures in the legends are the melt temperatures of the
respective materials. The injection time of all TPVs was 1.6 seconds
except for 0.8 second in (A) yellow data point connected to a
dashed curve. PA12, polyamide-12; TPV, vulcanized thermoplastic
elastomer [Color figure can be viewed at wileyonlinelibrary.com]

highlighting quantitative effects of glass fiber content and
process parameters.

3.2 | Microscopy of peeled surfaces
Microscopy of the hard surface after peeling is shown in
Figure 7. The amount of TPE residue increases with
increasing TPE melt temperature, and there are also
some picture pairs (Figure 7A,E, and Figure 7B,F) that
show that the amount of residue decreases with increas-
ing glass fiber content. The TPE residue content is gen-
erally higher in the central zone of the specimen width.
The Figure 7D shows an exception, where there are
three zones over the width of the specimen (vertically in
the picture): At the center, there is medium residue con-
tent at most of the width, then a narrow band with high
content, and finally an outer band of about 1 mm with-
out residue. Compared to the TPV, the TPS shows a
higher and more uniform residue content (better adhe-
sion). Figure 7E (TPV on PA12-GF30, with poor
processing conditions) shows a case with no visible
residues.
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FIGURE 7 Microscopy of the hard
substrate after the peel test (peel
direction right to left). The depicted
areas are positioned 20 mm into the
peel, and the full width (10 mm) of the
specimens is shown. Black spots are
residues of TPE on the hard substrate.
The melt temperatures are given in each
micrograph. TPE, thermoplastic
elastomer [Color figure can be viewed at
wileyonlinelibrary.com]
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3.3 | IR spectroscopy of as-molded hard
polymer surfaces and TPE materials

The IR spectra measured on the as-molded surfaces of
the hard materials show virtually no differences between
PA12 and PA12-GF (15-50 wt% GF). The peaks agree
with those in PA12 literature.*?! Comparing the surface
and bulk spectra, Figure 8A shows that the surface spec-
trum of the PA12-GF50 is closer to the spectrum of the
(unreinforced) PA12 than the bulk spectrum of the
PA12-GF50. Considering the broad glass band around

TPS 270°C, PA-GF30: 285°C

945 cm™!, the IR spectra show that, for the PA12-GF50,
the glass content is clearly lower at the surface than in
the bulk. A numerical analysis of the spectra of the sur-
face of PA12, the bulk of PA12-GF50 and the surface of
PA12-GF50, showed that combining 8% of the
PA12-GF50 bulk spectrum and 92% of the PA12 surface
spectrum gave the best fit to the PA12-GF50 surface spec-
trum. Consequently, the fraction of glass fibers at/near
the surface (ie, within the ATR analysis depth of about
1-2 pm) is estimated to be 4 + 3 wt% (95% confidence,
N = 2), under the assumption that the glass fraction in
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FIGURE 8 IR spectra of, A, PA12 and PA12-GF50, and, B,
TPE (surface). IR, infrared; PA12, polyamide-12; TPE,

thermoplastic elastomer [Color figure can be viewed at
wileyonlinelibrary.com]

the bulk of PA12-GF50 is 50 wt%, since the core layer is
much thicker than other layers.

The IR spectrum of the TPS (in Figure 8B) shows
bands related to styrene blocks and the aromatic ring!**>*!
and others related to the ethylene-butadiene blocks of
SEBS.1*! The TPS has bands at 1601 and 1493 cm™' that
coincide with bands observed for a commercial SEBS-g-
MAH,™ but the expected band at 1709 cm™! is weak. As
elaborated in ref. [37], bands associated with SEBS-g-MAH
would overlap with bands associated with the aromatic
ring. The TPS is likely hydrogenated, as there is no peak at
1645 cm™ to associate with a double bond between car-
bons. The TPS also shows bands at 1188 and 874 cm™*
which are not related to pure SEBS.

The TPV spectrum has bands related to styrene, that
coincide with bands in ref. [11]. There is also a weak
band at 1645 cm™" associated with the double bond of
butadiene.’® Ref. [38] used the intensity of a band at
1780 cm™" as an indicator of MAH grafting of in-house
produced grafting, but this band was weak (TPV) to invis-
ible (TPS) in our spectra (Figure 8B). Note that in ref.
[37], this band could only by deduced by decomposing
the spectra, but in ref. [11] this band was not visible.

3.4 | Roughness of as-molded hard
polymer surfaces

WLI of the hard polymer surfaces (specimens not over-
molded) gave a mean roughness (Ra) of 4.8 + 0.3 pm and
a root-mean-square roughness of 6.1 + 0.4 pm. There was
no significant effect of glass fiber content on the mea-
sured roughness.

3.5 | Optical microscopy of hard-soft
cross-sections

Figure 9 shows microscopy images of polished cross-
sections of PA12 and PA12-GF overmolded with TPV, as
well as not overmolded parts. The nature of a 2D
section reduces the interface between the materials
down to a line. Figure 9A,E shows PA12 overmolded
with TPV at 250°C and 270°C, respectively, indicating
that a higher TPV temperature gives a smoother inter-
face. This effect can also be seen with PA12-GF15
(Figure 9B,F). However, for PA12-GF30 (Figure 9C,G)
and PA12-GF50 (Figure 9D,H), the effect of TPV tem-
perature is less pronounced. Figure 91 to L shows the
surface topographies of the as-molded hard materials,
and the roughnesses are similar for all glass fiber con-
tents. For the PA12, the overmolding had a smoothen-
ing effect (Figure 9LE) while the PA12-GF50 was
relatively unaffected by overmolding (Figure 9H,L).
Appendix Bl shows the uncropped versions of the
micrographs in Figure 9.

3.6 | SEM of hard-soft cross-sections

The SEM micrographs in Figure 10 show that, regardless
of fiber content, very few fibers are in contact with the
TPE surface. On the hard side of the interface, a layer of
20 to 50 pm had a lower fiber concentration than the
bulk. The minimum distance between the TPE surface
and a glass fiber appeared to be about 10 pm.

As in Figure 9, the SEM micrographs in Figure 11
illustrate how the overmolding may smoothen the sur-
face topography of the hard surface. Hard surfaces before
overmolding are shown in Figure 11A,B, and overmolded
surfaces are shown in Figure 11C to F. With PA12-GF15
(and the PA12 without fibers), the hard surface was
smoothened by the overmolding process, likely because
the heat from the second shot softened the skin layer of
the hard surface. In contrast, the PA12-GF50 surface
topography was less affected by the overmolding. Higher
magnifications of these SEM micrographs are available in
Appendix C1.
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FIGURE 9 Optical microscopy of cross-sections of PA12-GF overmolded with TPV, and without overmolding (right column). The

(injection molding) flow direction is into the paper plane, and the cross-section is halfway along the flow path (Figure 2A). Hence, the

interface between the two materials is horizontal in the pictures. TPV, vulcanized thermoplastic elastomer [Color figure can be viewed at

wileyonlinelibrary.com]

3.7 | Hot stage microscopy of PA12 vs
PA12-GF30

Hot stage microscopy of approximately 10 pm thin flakes
of PA12 and PA12-GF30, cut from the skin layer of IM
specimens, demonstrated the difference in viscosity
between the unfilled PA12 and the PA12-GF30, see
Figure 12. The fibers resist the flow.

3.8 | Laser engraving of hard polymer
surfaces

The laser-engraved grooves were characterized by WLI
and optical microscopy. In most cases, the laser created a
groove flanked by ridges. A few 2D WLI profiles are
shown in Figure 13, and WLI plots are available in

Appendix D1. Some characteristics of the laser-engraved
grooves are shown in Table 3.

At low to intermediate laser power (P1-P2), the mate-
rial volume was conserved (cross section of groove
approximately equal to cross section of the ridges). At the
high power level (P3), the volume was conserved for low
glass content (0 and 15 wt%), while for high glass content
(30-50 wt%) the volume was reduced.

With the lowest laser power (P1), 3 to 5 pm high
ridges were formed for PA12 and PA12-GF15, while
ridges/grooves could not be clearly identified for
PA12-GF30. The roughness parameter in Table 3 was cal-
culated along the laser path, and it indicates how
unevenly the surface has deformed along the groove. At
P1, it was noticed that melting took place between fibers,
which remained covered with PA12 matrix. At higher
power levels, more glass fibers were exposed, but still the
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FIGURE 10 Low vacuum SEM of cross-sections, showing the
distribution of fibers near the hard-soft interface (the TPE is seen at
the bottom of the micrographs), for different glass fiber fractions.
The cross-section is halfway along the flow path (Figure 2A).
Hence, the interface between the two materials is horizontal in the
micrographs. The PA12 (dark gray) with glass fibers (light gray
circles or ovals) is seen above the interface, and the TPE (light gray)
is below the interface. The melt temperatures of the materials are
given in each micrograph. PA12, polyamide-12; SEM, scanning
electron microscopy; TPE, thermoplastic elastomer

topography was lower around fibers. At power levels P2
and P3, a topography with a groove flanked by ridges was
created on all substrates, and the local surface was
smoothened (except for the overall shape) for unfilled
PA12, see Figure 13. At power level P3, the shape of the
groove was affected by the glass fibers: Compared to fiber
filled substrates, the unfilled PA12 had a deeper groove,
the ridges were higher, and the distance between the
ridges was somewhat smaller (Figure 13).

4 | DISCUSSION
There are several factors that can affect the adhesion
between the soft and hard material in 2CIM. The relative
effect of these factors may vary depending on the selected
2CIM part geometry. For this study, we selected the “top
surface joint” (Figure 1C), as it was considered relevant
for a majority of industrial 2CIM applications.

The surface roughness of the hard part (first shot) is
important; compare blasted vs milled surfaces mentioned

PA12-GF15

T

¥ g
casting epoxy
PA12-GF50
dasting epoxy
PA12-GF15 (255°C)

TPV (250°C)

. PA12-GF50 (255°C)

FIGURE 11 SEM of gold coated cross-sections of (A, C, E)
PA12-GF15 and (B, D, F) PA12-GF50, either (A, B) without
overmolding or (C-F) with TPV overmolding. The melt
temperatures of the two materials are given in each micrograph.
The contrast was moderately enhanced to improve the visibility of
the glass fibers. SEM, scanning electron microscopy; TPV,
vulcanized thermoplastic elastomer

in the Section 2. Rossa-Sierra et al.l'® and Islam et al.[**!
reported that the adhesion increased with increasing sur-
face roughness, and attributed this to better mechanical
interlocking, and also more localized heating and melt-
ing. However, in our study, the surface roughness of the
first shot was kept constant for all materials and
processing conditions.

The standard versions of the TPEs in this study do
not adhere adequately to polyamides. Hence, in this
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FIGURE 12 Hot stage microscopy, showing the melting and
flow of PA12 and PA12-GF30. A, At 181°C, some PA12 flakes
appear melted, while the PA12-GF30 flake shows signs of melting
near its edge (arrow). B, At 205°C, after 150 seconds hold time, the
PA12 flakes has flowed into a pool, while the PA12-GF30 flakes
stay in similar shape as prior to melting. PA12, polyamide-12

w. 1653
D Gty esird ENGINEERING, | E Y

LASTICS

;ROFTEISSIONALS AND SCIENCE Wl

study, we used TPEs which were chemically modified for
adhesion to polyamides. The adhesion mechanism(s) for
these modified TPEs is not published, but a chemical
reaction with the polyamide may contribute to the adhe-
sion. The IR spectra could not identify the chemical mod-
ification of these TPE materials.

A PAl2-based poly(ether-block-amide) elastomer
(TPA) was also included in the initial injection molding
trials, with PA12 and PA12-GF30 as the hard materials.
This TPA was expected to adhere to PA12, but it was
excluded from the study due to demolding problems,
especially at high melt temperatures.

The well-known effect of temperature on adhesion
was observed. The increase in adhesion with increasing
melt temperature (of either soft or hard material) agrees
with most studies referred to in the Section 1. Avoiding
material degradation generally sets the upper limit of
melt temperatures. Arzondo et al.l*?! elaborated that the
interface temperature during overmolding is a function
of both first and second shot melt temperatures (as well
as the mold temperature). Hence, in order to achieve a
high enough interface temperature, all temperature
parameters and their admissible ranges are important.

The adhesion was improved with increasing TPE
injection rate. Faster injection leads to a higher shear
rate, which increases shear induced heating, as well as
less time for cooling during injection. The heating is larg-
est where the shear rate is highest, near the wall, that is,
near the interface to the hard component. Candal
et al.?%! observed the same positive effect of increasing
the TPE injection rate, and interpreted this in terms of a
competition between the positive effect of higher temper-
ature (less time for the TPE to cool before contacting the

300
——-PA12: P3 - PA12-GF15.P3 ——PA12-GF30: P3
-=-PA12: P2 -~ PA12-GF15: P2 ——PA12-GF30: P2
. -=-PA12: P1 -« PA12-GF15: P1__——PA12-GF30: P1
_ 40

200 hisaidnian

150 1

z [um]

100

50

14

FIGURE 13 WLI profiles over the laser engraved specimens. The thin lines correspond to measurements on a 1.8 pm segment along y

and the thick lines are averaged 0.18 mm segments. A combination of ridge (+) and valley (—) cross-sections (marked in gray) allows for

estimating volume change of the specimens. The initial Ra values are marked in the inlay of P1 WLI profiles (blue lines). WLI, white light

interferometry [Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 3  Characteristics of the laser-engraved grooves as
measured by WLI
GF Ra, Ra,

Laser (wt Peak® initial groove®

power %) (pm) (pm) (pm)

P1 0 5 0.2

P1 15 3 0.7

P1 30 = 2.1

P2 0 14 0.7 0.3

P2 15 16 1.7 4.4

P2 30 15 2.7 3.7

P3 0 49 1.9

P3 15 26 5.8

P3 30 16 4.6

Note: P1 is the lowest laser power used and P3 is the highest. Note
that the engraving was performed on the surface (to be overmolded)
corresponding to the milled mold surface, but the initial roughness
was not the same for these three samples (some from a
preproduction run).

Abbreviations: GF, glass fibers; WLI, white light interferometry.
*Average height of ridges.

"Ra along laser path.

substrate) and a negative effect of higher injection pres-
sure (possibly via residual stresses or diffusion of low
molecular weight species in the TPE to the interface).
Islam et al.'>! explained a similar effect of injection rate
by increased shear heating and (as opposed to Candal
et al.) a positive effect of higher injection pressure.

The effect of melt temperature could be a pure ther-
mal effect (better physical fusion), but higher tempera-
ture could also favor a possible chemical reaction
between adhesion modified TPE and PA12, and increase
the number of chain segments from the two materials
that are brought in contact. In some cases, the peel force
plateau has a positive slope. The reason for this could be
that the peel direction is opposite to the TPE flow direc-
tion, and the heat transfer from the TPE injection is
higher near the gate, as also proposed by Bastian et al.13!

The adhesion decreased with increasing glass fiber
fraction in the PA12 (Figure 6A). A similar reduction was
reported in ref. [31], while the refs. [15, 30] reported
almost no effect of glass fibers. Refs. [30, 31] both studied
TPEs modified for adhesion to polyamides, but these
papers are sparse on details which could explain why
their results are so different. The third study'*®' differed
from our study in several aspects (it used hard-hard
material combinations and butt joint specimens), so the
variable dependencies may be different.

In the following, we assume that, for the hard mate-
rials in this study, the PA12 matrix is nearly the same

regardless of glass fiber content, that is, that the PA12
matrix has the same molecular mass, melting point, and
so on. This is based on the measured thermal and rheo-
logical properties as shown in Table 1. With this assump-
tion, we have some hypotheses for the observed
reduction in adhesion with increasing glass fiber fraction:

1 A straightforward hypothesis could be that there is a
direct effect of the glass fiber content, because the adhe-
sion between TPE and glass is probably lower than that
between TPE and PA12. Ref. [30] showed microscope
images of agglomerated glass fibers on a PA6-GF50 sur-
face, and suggested this to cause reduced adhesion
strength. However, in our study, such glass fiber agglom-
erates at the surface were not observed, and microscopy
of the hard parts showed that very few glass fibers are in
direct contact with the TPE. IR spectroscopy of the
PA12-GF50 indicated that the fraction of fibers on/near
the surface is around 4 wt% (with an ATR analysis depth
of 1-2 pm), and, hence, an even lower volume or area
fraction. Therefore, a direct effect of glass fibers at the
surface does not seem to be the primary explanation. A
lower fiber concentration near the surface was also
found in other studies: X-ray computed tomography was
used to locate individual fibers in glass reinforced
PA12”°! and PA6.* In ref [40], with PA6-GF30, the
fiber fraction was 5 vol% at a distance 0.25 mm from the
surface, as compared to the nominal value of about
15 vol% (corresponding to 10 and 30 wt%).

2 Another simple hypothesis could be that the surface
roughness of the molded hard part (prior to the TPE
overmolding) is affected by the glass fiber content in
the material. However, for our study, this hypothesis
can be rejected, because WLI and SEM showed that the
roughness of the hard part was similar for all glass fiber
fractions.

3 A third hypothesis could be that the glass fiber con-
tent, via flow effects and/or thermal effects, affects
microstructural features of the PA12 in the skin layer
of the hard part, which, in turn, could affect the ability
of the hard surface to fuse (including interdiffuse) with
the overmolded TPE.

4 Somewhat related to hypothesis 3, a fourth hypothesis
could be that the “near-surface” thermo-mechanical or
rheological properties of the hard material may have
an effect on the fusion mechanism and the resulting
adhesion.

5 A fifth hypothesis could be that the thermal properties
of the hard part depend on the glass fiber content, and
that this affects the cooling of the hard part (first shot)
in the mold prior to overmolding, as well as the
heating of this material at the interface, as the TPE
melt contacts the hard part.
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For the three last hypotheses, an important question is
how the local “near-surface” properties of the hard part dif-
fer from the bulk properties. Additionally, what is the rele-
vant depth of the International Organization for
Standardization 375 hard part (from the surface and in)
which must be considered, in order to analyze the effect of
the glass fiber fraction on the fusion mechanism? The fiber
concentration near the surface influences all three hypothe-
ses; it affects chain mobility (close to a fiber), stiffness/flow-
ability, and thermal properties. Furthermore, is the hard
surface melted by the TPE, or just heated so high above the
glass transition temperature that some interdiffusion occurs,
or maybe only chemical reactions occur at the interface?

According to ref. [14], the thickness of the interdiffu-
sion zone for 2CIM could be a few micrometers. Our SEM
micrographs at the highest magnification did not show
any evidence of a distinct interphase (Appendix C1), but
contrast methods could have revealed details of the inter-
phase. IR microscopy of cross-sections did not give reliable
high-resolution results near the interface, due to uneven
surfaces meeting at the polished interface, partly caused
by the mismatch in stiffnesses of the two materials.

The laser engraving experiment indicates that the glass
fiber fraction may indirectly affect the adhesion, which
supports hypotheses 3 to 5. The effect of the laser on the
topography depended on the laser power and the glass
fiber fraction. At low laser power the polymer melted,
while at high power levels the polymer was partially
ablated, based on the observation of either conserved vol-
ume or loss of volume. Melted polymer is believed to form
the observed ridges due to surface tension. At the lowest
laser power, a depth of around 5 pm was affected. This is a
depth which seems to be relevant for 2CIM interdiffusion
in general. The pattern left by the laser was affected by the
glass content, even without exposing fibers. The fibers
appear to behave as heat sinks, transferring heat away from
the surface and into the bulk, resulting in a lower tempera-
ture near the surface (and the interface). The laser-induced
pattern reflected the positions of individual fibers near the
surface, revealing that the fibers near the surface are
mainly oriented in the surface plane. This can also be seen
in the SEM micrographs of cross-sections (Figure 10).

Regarding hypothesis 3, we define the skin layer as the
layer which solidifies directly as the melt front fountain
flow contacts the mold surface. The skin layer typically has
a lower fiber fraction than the bulk material, but this
hypothesis is mainly concerned with the PA12 microstruc-
ture in the skin layer (refer to the polarized micrograph of
PA12 in Appendix E1). Several structural features of the
PA12 in the skin layer, as well as the skin layer thickness as
such, could be affected by the glass fiber content: Morphol-
ogy (including crystallinity and orientation), chain length
(via flow-induced segregation), or stress-induced chemical

PROFESSIONALS AND SCIENCE

degradation. These skin layer features may affect the soften-
ing or melting of the skin layer, and, hence, the fusing abil-
ity. In addition to such PA12 microstructure effects, the
PA12 chain mobility may be reduced close to glass fibers.

There are indications in the literature that the glass
fiber fraction may affect the polymer microstructure in the
skin layer. Ref. [39] studied the fiber orientation in
injection-molded plates of PA12-GF with X-ray computed
tomography. The fiber fraction (15%, 30%, and 50%) affected
the fiber orientation distribution over the cross-section, as
well as flow characteristics. Ref. [39] argued that increasing
the fiber fraction increased the tendency for plug flow and
flow irregularities (viscous fingering). This indicates that
the fiber fraction may affect structural features of the skin
layer. Furthermore, the skin layer microstructure and thick-
ness will vary with processing conditions and along the
flow path, as reported for PA66 in ref. [41].

Regarding hypothesis 4, the bulk stiffness and the viscos-
ity clearly increase with increasing fiber content (Appendix
Al and Figure 12). Also, the stiffness reduction when
increasing the temperature from 23°C to 150°C is higher for
PA12 than for PA12-GF50 (—87% and —60%, respectively,
see Appendix Al). Can this affect the fusing mechanism,
and partly explain the effect of fiber content on adhesion?

A stiffer PA12-GF surface (ie, a material with a higher
glass fiber fraction) may restrict the TPE flow/pressure
induced deformation or erosion of the hard surface topog-
raphy, either below or above the melting point. If melting
of a surface layer occurs, a higher viscosity due to a higher
fiber content will affect the flowability. There are indica-
tions that the TPE flow/pressure smoothens the hard sur-
face (first shot), and the degree of smoothening depends
on melt temperature and fiber content (Figures 9 and 11).
This observed smoothening can also be seen as a proof of
a “near-surface” effect of fiber content. (Note that, in addi-
tion to smoothening, the TPE flow may also induce irregu-
larities [eg, ripples] on the surface of the first shot.) A
smoothening may reduce the adhesion, by reducing the
mechanical anchoring effect, but smoothening may also
be a sign of a softening of the first shot, and then the
degree of smoothening may be positively correlated with
the degree of interdiffusion. Hence, hypothesis 4 may
involve two competing effects. In our case, with the adhe-
sion having a negative correlation with fiber content, the
lower degree of smoothening for high fiber content, and
possible better mechanical anchoring, is not a dominating
effect compared to other effects in our hypotheses. On the
other hand, the smoothening observed for low fiber con-
tent may be a sign of softening and interdiffusion.

Regarding hypothesis 5, we can make a rough esti-
mate of the interface temperature by using available data
for the thermal effusivities of the bulk materials. At the
instance of contact, we can, for example, assume that the
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TABLE 4 Thermal effusivities based on data in ref. [42]
Temperature  Thermal effusivity
Material (°C) (J m 2K *second %)
TPE 270 700
PA12 45 803
PA12-GF50 45 907

Abbreviations: PA12, polyamide-12; TPE, thermoplastic elastomer.

hard part and the TPE are at 45°C and 270°C, respectively.
If we use the parameters in Table 4, the interface tempera-
tures are estimated to be 149.8°C and 143.0°C, respec-
tively, for PA12 and PA12-GF50. Hence, the interface
temperature is roughly 7°C lower for the latter material,
and this could contribute to the lower adhesion. Note that
the interface temperatures estimated above are far below
the melting temperature of PA12 (176°C). In the rough
estimate above, we have not considered that PA12 and
PA12-GF50 may have different surface temperatures prior
to overmolding, due to different thermal properties (con-
ductivity, diffusivity) and therefore different cooling rates
for the first shot in the mold prior to overmolding.

However, we observe that the fiber concentration near
the surface is lower than in the bulk. Hence, the difference
between, for example, PA12 and PA12-GF50, with regard
to the interface temperature, will be lower than estimated
from the bulk effusivity values. In order to obtain better
estimates (than above) of the transient interface tempera-
ture for different material pairs, the 2CIM process could
be simulated. Furthermore, for a more detailed analysis of
the effect of the fiber concentration and orientation near
the interface, thermal simulations with discrete glass fibers
could be performed. Chen and Wang'**! studied the ther-
mal conductivity of a fiber reinforced thermoplastic, and
proposed a model for the anisotropic thermal conductivity,
taking into account the fiber fraction, the fiber length/
diameter ratio, and the fiber orientations. Chen et al.[*
reviewed key factors affecting the thermal conductivity of
polymers and polymer-based composites.

Regarding thermal properties, the glass fiber content
may also have indirect effects, for example, via the PA12
crystallinity and orientation. Glass fibers affect the ther-
mal properties of the melt (higher thermal diffusivity and
faster cooling), and may therefore affect the crystallinity.
A reduction in crystallinity generally reduces the thermal
conductivity.[**!

5 | CONCLUSION

The adhesion in 2CIM has been studied, using PA12-GF
as the first shot (PA12 with 0, 15, 30 and 50 wt% glass
fibers), and TPE as the second shot (a TPV and a TPS, both

modified for adhesion to polyamides). This study has
focused on the effect of the (nominal) glass fiber fraction
on the adhesion (peel force). To the best of the authors'
knowledge, very few studies of this kind have been
published,*>*! with limited discussion of the results.

Our main observations are listed below:

+ Increased glass fiber fraction gives a reduction in adhe-

sion strength

Increased melt temperature (of the PA12-GF or the

TPE) gives an increase in adhesion strength

« Increased injection rate for the TPE gives an increase
in adhesion, but only in a certain range of rates

« The TPS material generally showed higher adhesion
strength than the TPV, but both followed the same
trends as listed above

Regarding the effect of glass fiber fraction on the
adhesion, several hypotheses have been discussed in this
article. In the list of hypotheses below, the two first are
dismissed as main causes for the glass fiber fraction effect
in our study, while the other three seem to be relevant.

« A direct effect of the glass fiber fraction, that is, a
reduction in adhesion as more fibers are present at the
interface with increasing fiber fraction in the
PA12-GF, does not seem to be a major cause, because
very few glass fibers are in direct contact with the TPE
for any (nominal) fiber fraction.

+ An effect of the surface roughness of the PA12-GF before
overmolding can be rejected in this study, because the
roughness was the same for all fiber fractions.

+ The PA12 (polymer) microstructure in the skin of the
PA12-GF part could be affected by the fiber fraction.
The fiber fraction will affect PA12-GF flow characteris-
tics during injection molding, which in turn may affect
the resulting microstructure in the skin, and the fusion
between PA12-GF and TPE.

« The “near-surface” thermo-mechanical or rheological
properties of the PA12-GF material may have an effect on
the fusion mechanism and the resulting adhesion, and
the fiber fraction has a large effect on these properties.

» The thermal properties of the PA12-GF part will depend
on the glass fiber content, and this may affect the temper-
ature of the PA12-GF at the interface, as the TPE melt
contacts the PA12-GF. Based on available thermal data
(effusivities), a higher fiber fraction will give a lower inter-
face temperature, and hence, possibly a lower adhesion.

For the three last hypotheses, an important question
for further work is how the local “near-surface” properties
of the PA12-GF part differ from the bulk properties, and
what is the relevant depth of this part (from the surface
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and in) which must be considered, in order to analyze the
effect of the glass fiber fraction on the adhesion strength.
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THERMOMECHANICAL BEHAVIOUR
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FIGURE A1l Shear storage moduli of PA12 materials
(Grilamid L 20 G, Grilamid LV-3, and Grilamid LV-5) vs
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SCANNING ELECTRON MICROSCOPY
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FIGURE C1 High vacuum SEM with high magnification of interfaces PA12 to PA12-GF50 to TPV. PA12, polyamide-12; SEM,
scanning electron microscopy; TPV, vulcanized thermoplastic elastomer
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light interferometry [Color figure
can be viewed at
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transmission micrograph (Leica Reichert
Polyvar-2, Austria) of a microtome 2CIM
TPV on PA12 (TPV part is mostly missing).
The core and skin layer from the injection
molding are indicated. 2CIM, two-component
injection molding; PA12, polyamide-12; TPV,
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