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Abstract

The MuCell process is a special injection molding process which utilizes supercritical gas (nitrogen) to create integral
foam sandwiches. The advantages are lower weight, higher specific properties and shorter cycle times. In this study,
a series of glass fiber-reinforced polyphenylene sulfide foam blanks are manufactured using the MuCell injection molding
process. The different variations of the process (low-pressure also known as structural foam injection molding) and
high-pressure foam injection molding (also known as “core back expansion,” “breathing mold,” “precision opening,”
decompression molding) are used. The sandwich structure and mechanical properties (tensile strength, bending
strength, and impact behavior) of the microcellular and glass fiber-reinforced polyphenylene sulfide foams are system-
atically investigated and compared to compact material. The results showed that the injection parameters (injection
speed, foaming mechanism) played an important role in the relative density of microcellular polyphenylene sulfide foams
and the mechanical properties. It could be shown that the specific tensile strength decreased while increasing the degree
of foaming which can be explained by the increased number of cells and the resulting cell size. This leads to stress peaks
which lower the mechanical properties. The Charpy impact strength shows a significant dependence on the fiber
orientation. The specific bending modulus of the high-pressure foaming process, however, surpasses the values of the
other two processes showing the potential of this manufacturing variation especially with regard to bending loads.
Furthermore, a high dependence of the mechanical properties on the fiber orientation of the tested specimens can
be found.
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Introduction
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flow length and filling of narrow ribs), higher strength/
weight ratios, and increased bending strength as
a result of the sandwich structure. The parts are
manufactured with environmental harmless physical
blowing agents.

In the automotive, aerospace, and electronics indus-
try, polyphenylene sulfide (PPS) is an important and
commonly used high-temperature engineering thermo-
plastic with good thermal stability, chemical and flame
resistance, and precise moldability."* PPS is used in
several applications which are facing rough environ-
ments such as pump impellers of vacuum systems,
pumps in petrol tanks, electrical sockets, connectors,
and electronic component encapsulates.* The fast-
growing market is valued at 0.86 billion US$ in 2014
and is expected to reach 2.0 billion USS$ in 2022 which
corresponds to a compound annual growth rate of
13% during the forecast period. Due to the increase
of the automotive sector, the Asia Pacific region is fuel-
ing the growth of the global PPS market.’

The mechanical properties of PPS are highly depen-
dent on the crystallinity of the material.*'' Brady
found that the crystallinity of PPS depends on the set
mold temperature during the injection molding process
leading to low crystallinity (~5%) at mold tempera-
tures lower than 93°C.° In an intensive study on “the
measurement and development of crystallinity and its
relations to properties in neat Poly(phenylene sulfide)
and its fiber reinforced composites” of Spruiell and
Janke from the US Department of Energy’, it is
stated that the tensile strength decreases with an
increase of crystallinity. These results were assessed
rather surprising since in most polymers the increasing
crystallinity leads to higher tensile strengths rather than
the lower values observed.’

Colton® found in his studies on foamed semicrystal-
line polypropylene (PP), that in a semicrystalline poly-
mer, the gas only is solved in the amorphous regions
which result in a heterogeneous gas distribution.
Baldwin et al. investigated in his studies on amorphous
and semicrystalline polyethylene terephthalate (PET),
the nucleation process, and gas saturation of the poly-
mers. It was found that semicrystalline PET exhibits
higher cell densities which is attributed to the hetero-
geneous nucleation in the amorphous/semicrystalline
interface. To manufacture microcellular (sandwich)
structures with dispersed gas, the foaming temperature
has to be elevated to a point where the crystalline phase
is soft enough to solve the nitrogen (= near the melting
point), while the melt strength is high enough to hinder
the cells to collapse.’

Itoh and Kabumoto compared foamed PPS with an
initial crystallinity of 11% on their cell morphology
varying the temperature. They used a solid PPS sheet
and saturated it with N, or CO, at high gas pressures
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and temperatures. The gas is rapidly removed to induce
the super-saturation, cell nucleation, and cell growth
resulting in microcellular foam. This method is similar
to the high-pressure foaming approach of foam
injection molding and creates foam cells of ~10 um in
diameter. The study also showed that the foaming
behavior of PPS differs above and below crystallization
temperature linking the submicron sized cells to the cell
nucleation induced by the crystallization.'”

Doroudiani etal. investigated, in his studies, the
crystallinity and morphology of microcellular foamed
structures of semicrystalline polymers on the example
of HDPE, PP, and PET. The studies showed that with
increasing crystallinity (obtained by a lower rate of
cooling) the solvability and diffusivity are decreased.
To create a uniform and fine cellular structure, it is
suggested to use a material with low crystal-
line fraction."!

There are few reports of microcellular PPS foams
using higher crystallinity of PPS and/or reinforcing it
with glass fibers. As generally described in litera-
ture,'>'? the fibers (= the second phase of the compos-
ite) act as nucleation inhibitor thus leading to finely
dispersed cells.

The foam injection molding process enables the
manufacturing of PPS sandwich structures (of any
crystallinity) in a large industrial scale allowing the
reinforcement with (glass) fibers. As described in
many recently published studies and as already used
in commercial products for several years, many poly-
mers, such as polyethylene, polypropylene, nylon,
polycarbonate, etc. are foamed during injection mold-
ing.">"” The group of Liu etal.?® utilized the MuCell
injection molding technology (low-pressure) to manu-
facture microcellular foam structures. A series of ten-
sile/bending specimens were prepared from MuCell
injection molding parts while varying the shot size.
The cell structure, mechanical properties, crystalliza-
tion behavior, and dielectric property of microcellular
PPS foams were investigated. The results showed that
large cell sizes occurred at the far end of the flow path.
The investigated injection parameter (shot size) played
an important role in the relative density of microcellu-
lar PPS foams. The specific tensile strength declines
from ~28 MPa/(g/cm’) to ~17 MPa/(g/cm?) in a rela-
tive density span from 0.95% to 0.66%. The specific
flexural strength remains at about the same level
(80-85 MPa/(g/cm?)), whereas the specific tensile mod-
ulus increases within the mentioned span from
~3.2 GPa/(g/cm®) to ~3.8 GPa/(g/cm?). The crystallin-
ity of microcellular PPS foams remained nearly
unchanged compared to solid PPS matrix. By decreas-
ing the relative density, the dielectric constant of PPS
foam materials reduces, while the volume resistivity
increases. As known, the length of the flow passage
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of the injection mold here also has an effect on cell
properties.*’

The foam injection molding can be divided into two
process variations: low-pressure (also known as (a.k.a)
“structural”) foam injection molding and high-pressure
foam injection molding (a.k.a. “core back expansion,”
“breathing mold,” “precision opening,” decompres-
sion molding).

The low-pressure foam injection molding (FIM)
process, which is more commonly used due to its appli-
cability on standard injection molding machines and
molds, uses a reduced shot size compared to the com-
pact injection molding process. This leads to a reduc-
tion of in-mold injection pressure which gives this
process its name. The gas-laden and fiber-reinforced
polymer expands and fills the mold entirely allowing
weight reductions up to ~60%. Additionally, this pro-
cess also reduces the cycle time, because there is no
need for applying back pressure, as the expanding gas
acts as internal pressure and compensates shrink-
age.'>?! Along the flow path, the foam structure is
inhomogeneous because of the shear flow and fountain
flow. Dong et al. showed that the thickness of the skin
layer is minimal in the area around the gate location
and highly dependent on the cooling inside the mold.
By increasing the injection speed, the cell/foam struc-
ture is influenced positively resulting in smaller cell
sizes and smoother surfaces.’>*

The high-pressure FIM process leads to higher
weight reductions, improved surface, and smaller and
homogeneous foam cells.!”'*?! To show the different
potential, both processes were investigated at compa-
rable moderate weight reduction (low-pressure foam-
ing: 10% and high-pressure foaming: 25%).

In Roch etal.,'® a variety of molds for this process
are described like short-stroke tool frame, (multi-) core
back and the established shear edge mold. The injection
pressure inside the mold is higher due to the fact that
the mold is filled completely with the polymer melt
during the injection step and is then decompressed to
the desired part thickness. Therefore, a specific injec-
tion molding machine with precision opening is
required. This process allows both creating homoge-
neous sandwich structures along the flow path and
the variation of the face sheet-to-core ratio by delaying
the mold opening.

Based on these findings and the aim to investigate
fiber-reinforced and -foamed PPS, this paper shows an
adaption of the FIM process to PPS and the compar-
ison of the low- and high-pressure foaming process
variations. To avoid corners and edges in the flow
path, which often break fibers thus reducing mechani-
cal properties, a purpose-designed shear edge mold
with long flow paths is used. This assures a uniform
melt front which is crucial to investigate the behavior

of sandwich structures in 0° and 90° directions to the
flow path. The foamed material is compared to the
compact injection molded parts using the same
machine equipment and mold. The goal of this study
is to examine the influence of process parameters, such
as injection speed and expansion grade on the structure
of PPS/GF injection molding foams and the affiliated
mechanical properties.

Materials and methods

Materials

The polymer used for this study is PPS Xytron G4010T
supplied by DSM. The material has a melt temperature
of 280°C (ISO 11357-1/-3) and a crystallinity of 30%.
The granules are reinforced with 40 wt% glass fibers
with an average initial length of approximately
0.280 mm. The fibers have an optimized sizing for
fiber-reinforced processing and compatibility with
PPS. Nitrogen is used as physical blowing agent.

Process

The FIM process is divided into two variations.
The first method is low-pressure foam injection mold-
ing (a.k.a. structural foam injection molding), the
second method is high-pressure foam injection molding
(a.k.a. core back expansion, decompression molding).
Both processes utilize a supercritical gas/polymer melt
to achieve the foaming (Figure 1).

The trials are conducted on the injection molding
machine Krauss Maffei KM 550 2000 GX at the
Fraunhofer Institute for Chemical Technology (ICT)
in Pfinztal.

The plastification screw diameter is 60 mm. The
clamping force of the injection unit is 5500 kN with a
maximum injection volume of up to 792 cm?, an injec-
tion speed of up to 848 cm?/s and an injection pressure
of up to 2420 bar. The machine is equipped with a
MucCell aggregate which enables the dosing of super-
critical gas (e.g., nitrogen or carbon dioxide) into the
plasticizing unit.

In order to compare the influence of foaming of
PPS/GF on the mechanical properties also unfoamed
blanks of PPS/GF are manufactured.

Mold

The mold used for this investigation was already used
for manufacturing PP, PA6, and PC specimen. It was
described in detail in the preliminary publications of
the authors and is also shown in Figure 2.'>!°

The lower gate is used for the injection in order
to create a uniform melt flow as shown in Lohr
etal.'® for extraction of the specimen. The dimensions
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Figure I. Principle of low- (left) and high- (right) pressure injection molding.

Figure 2. Injection mold with positions of p and T sensors
(CAD image).

of the blanks are 250 mm x 500 mm x 4 mm for the
final part thickness. Figure 2 shows the position of
the sensors (#1-#6) inside the mold which allow a com-
parison of the pressure conditions of the compact,
low-, and high-pressure foam injection molding pro-
cess. Four combined pressure and temperature sensors
(Figure 2, right: #2-#5—green spots) as well as two
pressure sensors (Figure 2, right: #1 and #6—green
spots) which are integrated in the main cavity surface
enable a full sensory insight during the injection mold-
ing process.

The sensors used are 4 mm cavity pressure and tem-
perature combination sensors (Type 6190CASP) and
pressure sensors (Type, 6157 BD) from Kistler. The
data are recorded and monitored with a CoMo
Injection system and processed with the CoMo Data
Center 2.0 provided by Kistler.

Table I. Manufacturing parameters of the tested specimens.

Injection Weight

Blank/specimen  speed reduction
designation (cm/s) Process (%)
200_C 200 Compact —
500_C 500 Compact —

800 C 800 Compact —
200_LP_10 200 Low-pressure foaming 10
500_LP_10 500 Low-pressure foaming 10
800_LP_10 800 Low-pressure foaming 10
200_HP_25 200 High-pressure foaming 25
Experimental

Manufacturing parameters

The trials are conducted with a constant melt temper-
ature throughout the plastification unit of 310°C, at a
mold temperature range from around 125°C to 135°C,
a back pressure of 100 bar and a rotational velocity of
the screw of 0.2m/min. The holding pressure for the
compact blanks is set to 400 bar for 5s following by
300 bar for 5s. During the foaming process, a nitrogen
amount of 0.2wt% and a compaction pressure of
200 bar for 0.3s is applied to fill the mold and reach
the desired shot size. The opening stroke of the high-
pressure foaming process is from 3 to 4mm with a
velocity of 8 mm/s to enable the rapid pressure drop,
which is needed for initiating the foaming mechanism.
Table 1 shows the parameters for each set of blanks
and the nomenclature.

For the parameter sets, three blanks are consecutive-
ly manufactured—one for each mechanical testing
method. To ensure a stable process, the weight
and in-mold pressure/temperature are monitored
and compared.
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Figure 3. Position of the specimen (bending and Charpy—Ileft; tensile, fiber length and microstructure analysis—right).

Specimens

The specimen for the mechanical testing, microstruc-
ture analysis of the cross-section and fiber length meas-
urements are extracted via water-jet cutting according
to the cutting plan shown in Figure 3 (following Schijve
and Riiegg,”* with the additional intention of investi-
gating the circular flow areas near the injection gate).

Hereby, the positioning of the test specimen consid-
ers both 0° and 90° direction in order to investigate the
mechanical properties parallel and orthogonal to the
flow path. The cross-section of the blank is investigated
with regard to the microstructure on the specimens 3, 7,
and 11 and the fiber length on the specimens 2, 6,
and 10.

Fiber length measurement. The mechanical properties are
not only dependent on the sandwich structure but also
related to the fiber length of the injection molded
parts.?® The fiber length may differ inside a large injec-
tion molded part which is why specimens are extracted
along the flow path via water jet cutting in the dimen-
sion of 15mm x 15mm (Figure 3) and analyzed via
FASEP fiber length measurement device from xyz

high precision at the Fraunhofer ICT. The single
steps measuring fiber length are:

1. Step: Sample preparation

e Fiber recovery from the composite using a fur-
nace (Linn High Therm VMK-250-S) and tem-
perature ramp provided by xyz high precision

e Dispersion and dilution of the fibers (Onto a
petri dish)

2. Step: Semiautomatic image analysis (1:1 fiber scans
and contrast enhancement wusing dark-field
illumination)

3. Step: Statistical analysis

The fibers are dispersed/diluted manually in a
glycerin/water mixture. At least, 6000 single fibers
were measured with the FASEP measurement
method to obtain statistically valid data. The range
of measured fiber length is separated into different
classes where each single fiber is sorted into these
classes. The quantitative number of fibers can be dis-
played as histogram or calculated as (number or
weight) average fiber length. For longer fibers, the
weight average fiber length is used accounting the



contribution of longer fibers on the mechanical
properties.'®

As the initial—number average—fiber length of the
granules (measured with the FASEP equipment) is
0.280 mm and therefore, in the short fiber section, the
quantitative number of fibers is displayed as number
average fiber length within this paper.'®

Structural sandwich layup (cross-section)

To investigate the structure of the microcellular foamed
sandwiches several representative specimens are pre-
pared. The specimens are embedded in Varidur 200
from Buchler and gradually ground and polished
with a 4000 grit using a PowerPro4000 manufactured
by Buehler. Afterward, the cross-sections are examined
using a Leitz Aristomet optical microscope with vari-
ous magnifications.

Tensile testing

The sandwich samples are tested on tensile load based
on DIN EN ISO 527-2, using the specimen geometry
type BA. The form has an overall length of 75 mm and
a width of 10 mm at the clamping area. The testing arca
has a cross-section of Smm (width) x 4 mm (thickness
of the blanks) and a testing length of 25 mm. This form
allows eliminating the influence of dents and surface
imperfections due to the ejection pins. The testing is
done on a ZwickRoell ZMART.PRO universal testing
machine with 200 kN maximum tensile force with a
maximum load capacity of 20kN. The elongation is
measured by a ZwickRoell multiXtens. The specimens
are mechanically clamped. Five valid specimens of each
set of parameters are required by the test standard. The
Young’s modulus is determined by fitting a straight line
via linear regression to the linear section of the stress-
strain data between 0.05% and 0.25% strain.

Charpy impact testing

The Charpy impact strength of the manufactured speci-
mens is determined on an impact pendulum HITS5.5P
from Zwick/Roell according to ISO 179-1:2010 with
flatwise orientation. This orientation represents the
most common loading condition for sandwich struc-
tures used, for example, as subfloor in the automo-
tive industry.

Bending testing

The properties of the sandwich composites are deter-
mined by a four-point bending test following DIN
14125. The standard test requires five valid specimens
of each set of parameters. The testing is conducted on a
Zwick Roell Z2.5 TN universal testing machine with
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2.5kN maximum load using a load cell with 2.5kN
capacity. The bending stiffness is calculated according
to DIN 14125. The deflection is measured using the
machine crosshead position. As specified in the stan-
dard, the deflection of the inner loading bars and of the
specimen center is evaluated. The loading bars are set
to a span length of 66 mm (lower) and 22 mm (upper).
The upper loading bars are mounted with two degrees
of freedom to prevent reaction forces from the load-
ing condition.

Results and discussion

With the described injection molding machine, gas
injection unit and mold, several blanks are manufac-
tured and tested on their mechanical behavior. To com-
pare foamed and compact material systems, the
mechanical properties are specific properties and there-
fore divided by the specimen’s density. Overall the
specimens throughout all used testing methods failed
brittle as PPS is a semicrystalline material with a high
glass transition temperature (~90°C) whereas the
mechanical testing was done at standard climate.

Mold pressures

Figure 4 shows the in-mold pressure of the compact
manufactured blanks (specimen_200_C) while injection
molding. The maximal pressure recorded is ~350 bar,
and by observing the progression of the curves, it is
possible to identify this specific blank as completely

Figure 4. In-mold pressure of compact blanks.
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Figure 5. In-mold pressures of low-pressure foamed blanks.

filled. The position of each sensor can be seen in
Figure 3.

The high-pressure level after injection and back
pressure presumably is due to the low shrinkage of
the PPS/GF 40 of ~0.4%.

In Figure 5, the pressure of the low-pressure injec-
tion molding and foaming process (specimen
200_LP_10) is displayed. Compared to the compact
injection molded parts the maximal pressure is at
~250 bar.

Figure 6 shows the process pressure of high-pressure
injection molding (specimen 200_HP_25) with a maxi-
mum of ~370 bar exceeding the compact molded part
about ~20 bar and the low-pressure foamed part about
~120 bar. This can be explained by the decreased
cavity thickness while injecting the gas-laden polymer
leading to an increase of in-mold pressure. After the
injection, the mold immediately opens which leads to
a sudden pressure drop enabling the material to foam.
The higher injection pressure compared to the compact
and low-pressure process is explained by the decreased
thickness (3 mm) of the mold while injecting the mate-
rial. After the injection, the mold is precisely opened to
the final part thickness of 4 mm.

Comparing the three process variations, the injec-
tion pressures of the gas-laden polymers processes are
lower and the time the pressures occur are shorter. This
offers the possibility to either increase the projected
surface area of the mold within the same injection
mold or to move the production to an injection mold-
ing machine with lower clamping force. By reducing the

Figure 6. In-mold pressures of high-pressure foamed blanks.

Table 2. Number average fiber length (in um) of the tested
specimens.

Flow path
_—

Number average fiber length (um)

Blank/specimen

name Position 10 Position 6 Position 2
200_C 249 237 229
500_C 255 248 254
200_LP_10 243 251 262
200_HP_25 241 254 256

needed clamping force, the financial invest of a new
injection molding machine can be reduced.

Fiber length measurement

As the fiber length highly influences the mechanical
properties of composite materials, the fiber length of
the specimen is measured. This provides information
about the influence of the process variations on the
fiber length and ensures the right interpretation of the
mechanical properties shown above.

As illustrated in Table 2, there is little to no influence
of the process parameters or position of the specimens
along the flow path on the average fiber length. The
overall processing with the injection molding machine
and mold lead to minimal fiber breakage compared
to the ~280pum initial fiber length of the granules.



This has to be attributed to the large hot runner system
and the injection gate described in Lohr etal.,'>!®
which offer minimal flow resistance effectively leading
to reduced shear stress upon the fibers. Even though
the injection gap at the high-pressure injection molding
process is Il mm smaller than for the low-pressure
process, the fiber length remains at the same level.
The results are in good accordance to Lohr etal.'®
were the fiber length of long glass fiber-reinforced poly-
propylene was investigated by the author of this article
and it was found, that large fibers can be found in the
final injection molded parts (up to 50mm). The fiber
length will not be discussed in the following sections as
an influencing parameter on the mechanical properties
due to the fact that the investigated specimen do not
significantly differ.

Structural sandwich layup (cross-section)

Table 3 illustrates the cross-sections with the represent-
ing sandwich structures of the compact, low- and high-
pressure foamed specimen along the flow path. As indi-
cated in Figure 3, the cross-sections of the specimens
are prepared and optical micrographs are taken.

As illustrated in Figure 7, which shows a close up on
the middle section of the specimen presented in Table 2
in position 3—the compact material shows no cells
where the fibers and their orientation are clearly visible
(aided with yellow markers in 7c). The low-pressure
foamed specimen (10% weight reduction) displays
cells of small diameter (up to ~20pum) and a rather
round bubble shape. The high-pressure foamed speci-
men (25% weight reduction) shows bigger cells (up to
~200 pm) with a more “vault” shaped structure. The
injection speed has no visible influence on the structure.
Therefore, only the results for 200 cm?/s injection speed
of the three process variations are shown.

Specimens 200_C and 200_LP_10 (Figure 7) show
the expected fiber orientation for short fiber injection
molded parts along with their flow path. Here, the
fibers touching the mold walls are perpendicular to
the flow path and the fibers in the core structure.
This phenomenon was investigated in the past in vari-
ous studies®®® which conclude, that the fibers on the
mold walls freeze in the flow direction and the fibers
away from the wall are aligned by the fountain flow
in 90°.

With the low expansion rate and gas loading of the
low pressure, there is an infinite number of cells visible
in the core of the specimens. The face layers of this
sandwich solidify when injected into the mold allowing
only a certain portion of the material to foam. This
structure can be described as near compact with a
small number of round cells (diameter up to ~20 um)
in the core region. In contrast, the sandwich structure
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of the high-pressure process variation (Figure 8 speci-
men 200_HP_25) is clearly visible and has fewer round
cells. The core structure and cells resemble geometri-
cally irregular “vault” like shapes which can be affili-
ated with cell coalescence while foaming.>> Along the
flow path, the cells in the middle of the core grow as the
thickness of the face sheets increases, which leads to a
variation of the face sheet/core ratio. The increasing
extraction of melt heat enables the solidification of
more face material.

Tensile testing

The results of the tensile testing are presented as spe-
cific properties by dividing the mechanical properties
through the density of the specimens. Figure 8 shows
the results for the specific tensile strength at the differ-
ent positions of the specimen (see Figure 3).

As the tensile strength of fiber reinforced materials is
highly dependent on the fiber orientation (and length),
the values of the specimen’s properties differ parallel
and perpendicular to the flow path. Positions A, C, and
E show ~50% of the maximum achievable specific ten-
sile strength with this material system. This is in accor-
dance to literature®® where Thomason investigated the
fiber orientation of injection molded polypropylene
and found that the fibers orientate in the same way
as described above (“structural layup”) leading to the
same mechanical property distribution. The values of
position E and F are between the properties of the 0°
and 90° specimens along the flow path with a high
standard deviation. This concludes that the fiber orien-
tation in these areas is not yet fully established due to
the radial melt flow which already has been verified for
this mold."”> The overall standard deviation is quite
high, which can be explained by the fiber orientation
of the specimen. The fibers are not aligned perfectly
along the flow path, leading to differing results at ten-
sile testing. The specific values of the low-pressure
foamed specimens show no decrease compared to the
compact specimens, whereas the high-pressure foaming
leads to a significant decrease. This can be affiliated to
the inhomogeneous distribution of cell size which may
feature an inner notch effect. The injection speed has
no significant influence on the tensile strength of the
single process variations (compact, low-, and high-
pressure foam injection molding).

The properties of the specific tensile modulus
(Figure 9) show similar interactions between fiber rein-
forcement, foaming parameters and position of the
specimens along the flow path as described for other
polymer materials such as polypropylene.?®>® The ori-
entations of the PPS specimen (0°—position B, D, F
and 90°—position A, C, E) to the flow path significant-
ly influences the tensile modulus.
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Table 3. Cross-sections of the tested specimens.

Flow path
Blank/specimen
name Position |1 Position 7 Position 3
200_C
200_LP_10

200_HP_25
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Figure 7. Details on the core section of specimen 200_C (top), 200_LP_ 10 (middle), and 200_HP_25 (bottom).
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Figure 8. Specific tensile strength over specimen position.

Figure 9. Specific tensile modulus over specimen position.

The injection speed, however, shows a correlation
between the low-pressure foamed specimens and the
modulus. With an injection speed of 800 cm?/s, the spe-
cific tensile modulus of the low-pressure foamed speci-
men decreases in positions A, B, and C. This finding
was also observed in various studies on polypropyl-
ene'>*>?3 and can be explained by the inhomogeneous
foaming behavior of low-pressure foamed specimen
along the flow path. With high injection speed, the

foaming starts at the end of the flow path, leading to
larger cell sizes which in turn lead to decreasing ten-
sile moduli.

Charpy impact testing

The unnotched flatwise loaded Charpy impact testing
specimen resulted in mechanical properties shown in
Figure 10.
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Figure 10. Specific Charpy impact properties over specimen position.

As described for the tensile testing and other studies
for polypropylene,® the properties of the impact test
depend mainly on the position and the fiber orientation
of the specimen. The specific impact properties of the
high-pressure foamed blanks are in the same area of
value as the compact reference and the low-pressure
foamed. The decrease of mechanical properties in the
0° (positions A, C, E) compared to the 90° (positions B,
D, F) in relation to the flow path can be linked to the
fiber orientation discussed in the previous section. It is
observed, that the standard deviation of the tested
parts is quite high and reaches up to 48% relative stan-
dard deviation for the position E. The standard devia-
tion reaches the highest values on positions E and F.
This indicates an inhomogeneous and not representa-
tive structure of the specimens leading to these fluctu-
ating results.

Bending testing

One big advantage of foam injection molding processes
is the process-related foam structure due to the mold
temperature. The sandwich layup is ideal for bending
loads due to the fact that there are no tensile/compres-
sion or shear loads in the neutral phase. Therefore, less
material in the core is needed, which leads to a reduc-
tion of the overall mass.

To compare specimen with different weight reduc-
tions leading to varying densities and bending proper-
ties—following Ashby’s “Material selection in
mechanical design”**—the specific material property

to achieve light and stiff plaques. Here, the term
E'3/p—where E is the bending modulus and p the den-
sity of the compact and sandwich structure—indicates
the material utilization. The best material property
combination to achieve light and strong plaques can
be visualized using the equation ¢'/?/p, where ¢ is the
bending strength of the structures. The higher these
values are, the more suitable the material system is
for bending loads.*

Figure 11 shows—depending on the position and
foaming process—the specific material property
(bending strength) for strong and lightweight speci-
men. The values are—corresponding to the findings
of the tensile testing—mainly dependent on the posi-
tion along the flow path and therefore of the fiber
orientation. Due to the larger decrease in density
through foaming and the sandwich layup, the values
of the high-pressure process increase and surpass the
values of the compact reference. As the density of the
high-pressure foamed specimens compared to the low-
pressure specimens is higher with comparable values
for the modulus, the term E'?/p the material utiliza-
tion is higher.

Comparing the values at position “A” at an injection
speed of 500cm’/s of the low-pressure foaming process
to the compact injection molding process, the average
specific material property (bending strength) increases
from 4.58 to 4.9MPa'?/(g/cm®). The values of the
Position “A” at an injection speed of 200cm’/s are
4.64MPa'?/(g/em®)  (compact), 4.58 MPa'/?/(g/cm?)
(low-pressure ~ foaming), and  5.73 MPa'?/(g/cm’)
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Figure 1 1. Specific material property (bending strength) over specimen position.

Figure 12. Specific material property (bending modulus) over specimen position.

(high-pressure foaming). These values can be explained
by the structure of the specimens. As illustrated in
Figure 7, the low-pressure foamed specimens exhibit
smaller/fewer cells and have an overall lower density
reduction as the high-pressure foamed specimens.
Therefore, the specific material properties remain at a

lower level. The mechanical properties (bending
strength) compared to compact reference material with
high-pressure foamed material increase up to 24.4%
(position B; 200 cm?/s injection speed) and demonstrate
the possibilities and lightweight design capabilities of
foam injection molding.



The same trend can also be observed comparing the
specific material properties (bending modulus) in
Figure 12. Here, the increase of specific stiffness com-
pared to the compact reference material with high-
pressure foamed material is up to 24.4% (position B;
200cm?/s injection speed). The increase of the
low-pressure foamed material is with ~1.6% at the
respective position and injection speed lower and can
be—similar to the material property (bending
strength)—explained by the structural layup and den-
sity reduction.

Conclusions

Within this study, the influence of fiber reinforced and
foamed PPS/GF40 on the mechanical properties and
structural layup manufactured blanks has been investi-
gated. Several different PPS blanks with compact, low-
and high-pressure (foam) injection molding processes
on a MuCell equipped injection molding machine
with a special mold have successfully been manufac-
tured. The fiber orientation and the fiber length were
validated by optical analysis using microscope images
and FASEP fiber length measurement. The reduction
of the fiber length from 0.28 mm inside the initial gran-
ules to a minimum of 0.229 mm in the (foam) injection
molded parts illustrate the excellent fiber preservation
of the machine and mold equipment. The process
parameters (e.g., foaming, injection speed, and position
along the flow path) did not show any influence on the
number average fiber length.

By using in-mold pressure sensors, a unique insight
of the injection molding and foaming process was real-
ized, displaying the pressures of (foam) injection mold-
ing of PPS with a crystallinity of 30%. As described in
Altstddt and Mantey'? and giving the name to the pro-
cess variations, the low-pressure injection molding
leads to lower in-mold pressures (max. ~200 bar).
The high-pressure injection molding process leads to
higher in-mold pressures (max. ~370 bar) compared
to the compact injection molding (max. ~350 bar).

The mechanical properties (tensile, bending,
Charpy) of large blanks were investigated along the
flow path. The obtained results on fiber orientation
(0° and 90°) and their influence on the mechanical
properties (lower mechanical properties in 90° fiber ori-
entation) were according to other studies'”!*?! which
investigated different polymer materials (e.g. polycar-
bonate). To carry out the conducted mechanical com-
parisons, the specimens were extracted from the blanks
via water jet cutting at the same positions and com-
pared based on their specific properties. It was found
that the specific material properties (bending modulus
and bending strength) increase with a decrease of
the material density leading to high values for the
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high-pressure foam injection molding. This shows the
suitability for lightweight design under bending load
for the used reinforced and foamed PPS.

With the mold being used in this study, reinforce-
ment and foaming parameters, no embrittlement or sig-
nificant decrease of the specific material properties on
impact can be observed.

Further investigations on the fiber orientation and
length will be done using CT analysis. Also, the struc-
tural and mechanical properties of long-fiber reinforced
PPS with the direct foam injection molding process will
be performed varying the process parameters.
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