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1. Introduction

Sandwich structures consisting of face sheets (often reinforced with
glass/carbon fiber material) and a foamed core are an approach for
lightweight solutions used in structural applications were bending loads
or high energy absorption in crash events is needed [1].

Several scientific studies point out that the benefits (material pro-
cessing/additivation, cost efficiency) of long fiber reinforced integral
sandwich structures in combination with the industrial scale (direct)
foam injection molding process [2–4]. The (microcellular) foam can
improve specific part/process properties. These properties can be lower

in-mold pressures due to an under filling of the mold or an improved
melt flow (length and filling of narrow areas) due to lower viscosity.
Also higher weight-specific bending stiffness or strength are known
benefits of the sandwich layup. As described in many recent studies and
as already used in commercial products, a lot of polymers, such as
polystyrene, polyethylene, polypropylene, nylon, polycarbonate etc. are
foamed during injection molding [3–6].

The parts manufactured with foam injection molding utilize
blowing agents like N2 or CO2. The direct long fiber foam injection
molding process (D-LFT-FIM) combines the fibers, gas and melt inside
an extruder and passes the compound to the injection unit. This special
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injection molding process utilizes a twin screw extruder and an injec-
tion molding machine to manufacture long fiber reinforced and par-
tially foamed thermoplastic polymers. The integral foam is manu-
factured within one shot using the high-pressure foam injection process
(also known as “core back expansion” or “decompression molding”).
Hereby the mold is filled completely with the polymer/fiber/gas melt
resulting in high in-mold pressures. With these high in-mold pressures
the nucleated gas is re-solved into the melt resulting in a single phase
polymer/fiber/gas melt filled mold [7]. The cell nucleation starts with
increasing the mold volume which is accompanied with a sudden
pressure drop. To initiate this foaming step, after a certain delay time of
the mold opening the distance of the mold halves is increased to the
final part dimensions via precision opening. Within this delay time the
skin layer solidifies, starting at the mold wall. As the delay time in-
creases, the thickness of the face layers increases due to solidification to
the center of the part. The core is able to foam due to the liquid center
and the sudden pressure drop while the mold opening stroke. As with
the delay time, the opening speed and opening distance of the mold
influence the pressure drop and therefore the structural sandwich layup
[3]. High-pressure FIM process leads to higher weight reductions, im-
proved surface and smaller and homogeneous foam cells. The high
design freedom of injection molding allows a very complex and 3D part
geometry with high lightweight potential [2–4,8]. The direct foam in-
jection molding process is a way to manufacture PPS sandwich struc-
tures on a large industrial scale reinforcement with glass fibers.

In [9] the main influencing factors on the structural layup (the
thickness of the face layers) of high pressure foamed polypropylene are
identified as delay time – mold temperature – melt temperature –
opening stroke speed.1 As the polymer solidifies within the delay time,
the thickness of said face layers increases leading to higher bending
properties. Roch [4] verifies these findings in his studies, varying also
the delay time on the FIM of fiber reinforced polypropylene.

The feasibility of a direct compounding/injection molding process is
shown in preliminary work and studies of the authors of this paper
[2,4,10,11]. In [10] the D-LFT-FIM process was successfully adapted to
glass fiber reinforced and foamed polycarbonate blanks were manu-
factured using low-pressure foam injection molding. With SEM images
the fiber–matrix adhesion was investigated and assessed good as the
matrix visibly covered the fibers after fracture [10].

In [11] the influence of the processing and foaming (with MuCell®-
technology) on the fiber length of long-fiber granules as base material
was compared with the D-LFT-FIM process using PP as matrix material
and glass fibers as reinforcement at 30 wt% and 40wt%. It was found,
that “the achievable weight average fiber length measured for the D-
LFT-FIM process is up to 3 times longer than for the MuCell® process”
[11].

Thomason et al. [12] investigated the influence of fiber length and
concentration on the properties (modulus, strength, impact) of glass
fiber reinforced polypropylene (PP) manufactured via injection
molding long and short fiber granules. The mechanical properties of the
used PP increased with the length of the glass fibers and a “critical fiber
length” was established where the composites properties reach e.g. 90%
of the maximum. For different material systems and mechanical prop-
erties this critical fiber length is different (like PC or PPS reinforced
with glass fibers) [12].

Akay and Barkley [13] studied the “fibre orientation and mechan-
ical behaviour in reinforced thermoplastic injection mouldings” for
polypropylene and polyamide. The fibers near the mold surface are
aligned in flow direction, whereas the fibers inside the “core” (in [13]
the specimens are not foamed) are aligned perpendicular to the flow
direction. It is found, that this structural layup reduces the tensile
strength in the “core” showing the fiber orientation has a considerable
effect on the mechanical properties. Also a gradual drop in the fiber

concentration from the “core” to the face sheets from 5% of the nominal
fiber content (50 wt%) for short fiber reinforced polyamide and 15% for
long fiber reinforced polyamide [13].

For semicrystalline polymer – on the example of semicrystalline
polypropylene – Colton [14] found a heterogeneous gas distribution as
it only is solved in the amorphous regions [14]. Baldwin et al. [15]
described higher cell densities for semicristalline polymers in his stu-
dies on the nucleation process and gas saturation of amorphous and
semicrystalline PET. This circumstance was attributed to the hetero-
geneous nucleation on the amorphous/semicrystalline interface. The
research also indicates that the foaming temperature has to be elevated
near the melting point, where the crystalline phase is soft enough to
solve the nitrogen while the melt strength is high enough to hinder the
cells to collapse [15].

In general, the crystallization of polymers is moved to lower tem-
peratures with increasing cooling rates [16,17]. For polyphenylene
sulfide this correlation of the process to the induced crystallinity and
resulting processing parameters is investigated in scientific studies [18]
and guidelines for high temperature engineering thermoplastic mate-
rials [19]. When using an injection mold with temperatures lower than
93 °C, Brady [18] found in his early study the index of crystallinity of
neat PPS at ∼5%. Increasing the mold temperature to 150 °C this value
increases to ∼80%. Using x-ray diffraction, it could also be shown that
nearly 100% amorphous PPS can be obtained by rapid cooling to room
temperature [18].

The more common method to obtain the crystallinity of semi-crys-
talline polymers is to use the differential scanning calorimetry (DSC).
[16] and [17] show the technical details of the process, where a spe-
cimen with known weight is heated in a regulated temperature cycle.
Comparing the heat flow to a known reference, physical and chemical
conversion processes can be measured and quantified with the mass-
specific change of melt enthalpy ΔHm and crystallinity enthalpy ΔHc.
The specific crystallinity enthalpy ΔH0

c for complete crystallinity (which
is a theoretical values) is hard to obtain correctly and ranges in different
studies from 50 J/g to 150 J/g [16–18].

The crystallinity of polymer materials has a large influence on to
mechanical properties of the material. Spruiell and Janke [20] from the
U.S. Department of Energy found in an intensive study on “the mea-
surement and development of crystallinity and its relations to proper-
ties in neat Poly(phenylene sulfide) and its fiber reinforced compo-
sites”, that with increasing crystallinity the tensile strength decreases.
For most other polymers the increasing crystallinity leads to higher
tensile strengths rather than the lower values observed. Hereby the
degree of crystallinity Xc is determained by dividing ΔHc by ΔH0

c [20].
In [21] Itoh and Kabumoto varied the temperature to compared

foamed PPS with an initial crystallinity of 11% on their cell mor-
phology. Solid PPS sheets were used as base material and saturated with
N2 or CO2 at high gas pressures and temperatures. The gas was rapidly
released 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 created foam
cells of ∼10 μm in diameter. The study of Itoh and Kabumoto also
showed that the crystallization is an important factor for cell nucleation
and directly linked to the sub-micron sized cells as the foaming beha-
vior of PPS differs above and below crystallization temperature [21]. As
generally described in [3] and [14] the fibers (=the second phase of the
composite) act as nucleation inhibitor thus leading to fine dispersed
cells.

Following Ashby’s “Material selection in mechanical design” [22]
the specimens within this study are compared using specific material
properties to achieve light and stiff blanks. The results then can be
compared with specimens of different weight reductions leading to
variating densities and bending properties. The equation MBEM=E1/3/

1 Ranked from important to less important.
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ρ – where E is the bending modulus and ρ the density of the compact/
sandwich structure – indicates the material utilization. The material
property combination to achieve light and strong blanks can be visua-
lized using the equation MMS=σ1/2/ρ where σ is the bending strength
of the structures. The higher these calculated values are, the more
suitable the material system is for bending loads. The specific impact
properties for a lightweight and impact resistant material system are
determined by comparing their specific properties. This material utili-
zation index MC can be related to the equation aCuf/ρ – where aCuf is the
Charpy impact strength of the unnotched, flatwise loaded specimen and
ρ the density of the compact/sandwich structure [22,23].

As there are only few reports of microcellular PPS foams using
higher crystallinity of PPS and/or reinforcing it with glass fibers there
are no studies on direct manufactured sandwich structures using D-LFT-
FIM.

Liu et al. [24] utilized the low-pressure MuCell injection molding
process to manufacture microcellular PPS sandwich structures. Varying
the shot size, a series of specimens were cut out from MuCell injection
molding blanks. The study investigated the cell structure, mechanical
properties, crystallization behavior and dielectric properties of micro-
cellular PPS sandwich structures. The results showed larger cell sizes on
the far end of the flow path identifying the shot size as important
parameter for the relative density of microcellular PPS foams. The
tensile strength declines from ∼26MPa to ∼11MPa in a relative
density span from 0.95% to 0.66%.

The material index MMS – which is established according to Ashby
and described above for the flexural strength – is at between ∼7.1 and
8,2MPa1/2/(g/cm3). The bending modulus increases within the men-
tioned relative density span from ∼1.13 GPa1/3/(g/cm3) to ∼1.8 GPa1/
3/(g/cm3).2 Investigating the crystallinity of PPS foams no significant
change compared to solid PPS matrix material could be found. By de-
creasing the relative density, the dielectric constant of PPS foam ma-
terials reduces and the volume resistivity increases [24].

In a previous study on short fiber reinforced PPS, the authors [23]
showed the lightweight potential of the high pressure foam injection
molding for the material system PPS with 40wt% glass fiber re-
inforcement comparing it to compact and low pressure foamed blanks.
The mechanical properties at the specimenś extraction position at the
end of the flow path increased injecting the melt in a 3mm mold gap
and opening to 4mm. The material index for bending strength in-
creased from ∼7MPa1/2/(g/cm3) (compact) and ∼7MPa1/2/(g/cm3)
(low pressure foaming) to ∼9.3MPa1/2/(g/cm3) (high pressure
foaming) for specimens parallel to the flow path. The material index for
bending stiffness for the same specimen increased ∼25% to 1.7 GPa1/3/
(g/cm3).

The aim of this paper is to investigate the mechanical and structural
properties of foamed and fiber reinforced polyphenylene sulfide man-
ufactured with the direct long fiber process. For high temperature
thermoplastic materials this combination of the extrusion and injection
molding process has not been adapted yet. The results on the bending
properties and the impact strength of the material are compared to
unreinforced and reinforced compact specimens to show the potential
and advantages of said process. As the fiber length is a key parameter
on the mechanical properties the resulting characteristics are also in-
vestigated to obtain specific data for the material system PPS/GF using
continuous glass fibers as source material. Also the influence of the
high-pressure foam injection molding process on the structural layup
and the crystallinity of face sheets and core section of said sandwich
materials is studied.

2. Materials and methods

2.1. Materials

The polymer used is polyphenylene sulfide Xytron U3020E supplied
by DSM. The material is an extrusion type with high viscosity, improved
impact resistance and flame retardant. As the manufacturing process
within this study is a combination of extrusion (compounding) and
injection molding process it is suitable to use this type to increase the
melt strength (for foaming). The reinforcement with glass fibers is
realized with TufRov 4588 and 20wt%. The fibers have an optimized
sizing for long fiber reinforced processing and compatibility with
polyphenylene sulfide. The high pressure foaming process is realized
with nitrogen as physical blowing agent. The degree of foaming for the
sandwich structures is 50% as the melt/gas/fiber mixture is injected
into the mold at 2mm and the mold subsequently opens to 4mm.

2.2. Process and mold

The trials were conducted on the injection molding/compounding
machine ENGEL duo 700 pico combi M compounder equipped with a
twin screw extruder. The clamping force of the injection unit is 7000 kN
with a maximum injection volume of up to 4160 cm3, an injection speed
of up to 945 cm3/s and an injection pressure of up to 2090 bar.

The above-mentioned processing unit is designed for the direct FIM
process and hence consists of a combined extrusion and injection
molding unit which are connected by a heated melt channel. The
continuous extrusion process with the discontinuous injection molding
process are combined with a melt buffer system as well as a secondary
cavity inside the mold to operate the extruder in a reasonable process
window and to simultaneously combine it within the restrictions of the
scientific test specimen production (little shot volume compared to the
projected surface area).

The polymer (utilizing the gravimetrical scale FlexWall® of
Brabender, with a Congrav® OP1 control) and continuous glass fibers
are fed directly into the extruder from Leistritz, model ZSE 40 MAXX.
The super critical nitrogen is injected into the molten polymer/
polymer-fiber mixture close to the extruder die with a DSD 500 gas
injection unit of Maximator GmbH.

To combine the continuous extrusion process with the dis-
continuous injection molding process a melt buffer is installed on top of
the melt channel. While injecting polymer into the cavity, the buffer
takes in the melt coming out of the extruder and buffers it for the next
shot. For a more detailed description of the direct FIM process the
authors refer to [4,10,11] as addition information. The polyphenylene
sulfide is fed into the extruder to always undergo the same thermal
history and enable a comparison on the influence of fiber-reinforced
and/or foamed blanks to unreinforced blanks.

A mold designed for investigations on long fiber reinforced foam
injection molded parts used for this investigation was already used for
manufacturing PP [11], PA6, PC [10] and short glass reinforced PPS
[23] specimens and is describe in detail within preliminary publications
of the authors. As general specifications the mold has a main cavity for
the production of blanks (250mm×500mm) with adjustable wall
thicknesses (1–10mm). The hydraulic operated needle shut-offs have a
diameter of 8mm for part gating and are optimized to reduce fiber
breakage. The six in-mold sensors from Kistler (four combined pressure
and temperature sensors (Type 6190CASP) as well as two pressure
sensors (Type 6157 BD)) are integrated in the main cavity surface to
enable full insight during the injection molding process via the CoMo
Data Center 2.0. The position of each sensor is illustrated in Fig. 1.

2 The material indices are calculated with values obtained by the authors
from various charts shown in source [22].
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3. Experimental

3.1. Manufacturing parameters

Using the described system of extruder with fiber feed, gas injection
and the injection molding machine with the optimized mold several
sheet-like blanks (500mm×250mm) were manufactured in the high
pressure (HP) injection molding process with the following parameters:

• Melt temperature: 300 °C
• Mold temperature: 130 °C
• Rotational speed extruder: 120 rpm
• Polymer added to the extruder: 30 kg/h

• Injection volume flow: 250 cm3/s
• Back pressure: 40 bar
• Gas content (nitrogen): 0.4 wt%
• Glass fiber content: 20 wt%
• Holding pressure (4mm compact blanks, neat PPS): 250 bar/6 s
• Holding pressure (4mm compact blanks, reinforced PPS): 400 bar/
6 s
• Holding pressure while delay time (neat PPS): 300 bar
• Holding pressure while delay time (reinforced PPS): 200 bar
• Injecting through the lower shut-off valve.

These process parameters were obtained by pre-trails, so the holding
pressure e.g. is large enough for dissolving all the cells formed during
filling back into the polymer melt and an overall uniform and re-
producible foaming/reinforcement process can be defined.

In Table 1 the blank/specimens designation and process are listed.
As an example, specimen “PPS_D_HP_300/130_20_2” is polyphenylen
sulfide matrix, manufactured in the direct injection molding process
with 300 °C melt temperature and 130 °C mold temperature. The fiber
content is 20 wt% and the delay time is 2 s.

The blanks marked in italic in Table 1 were qualitative not suitable
for mechanical because all specimens of these blanks showed visible
extensive defects on the sandwich structure. This would incriminate the
mechanical testing leading to high standard deviation and inconclusive
results. Another reason is that the specimens did not reach the in DIN
EN ISO 178 required 4 ± 0,2 mm thickness, which can be explained by
the long delay time (=cooling time at 2mm) hindering the blank to
foam completely. Nevertheless, these specimens were investigated on
their structural layup using SEM analysis (results shown in chapter 4).

3.2. Specimens

The specimens are extracted via water-jet cutting for the mechanical
testing (bending and Charpy impact), microstructure analysis of the
cross-section (macroscopical and SEM analysis) and fiber length

Fig. 1. Position of the sensors.

Table 1
Process parameters of the tested specimens.

Blank/Specimen designation Process Fiber content (wt%) Delay time (s)

PPS_D_C_300/130_0_2 mm Compact 0 –
PPS_D_C_300/130_0_4 mm Compact 0 –
PPS_D_HP_300/130_0_0 HP 0 0
PPS_D_HP_300/130_0_1 HP 0 1
PPS_D_HP_300/130_0_2 HP 0 2
PPS_D_HP_300/130_0_3 HP 0 3
PPS_D_HP_300/130_0_4 HP 0 4
PPS_D_HP_300/130_0_5 HP 0 5
PPS_D_HP_300/130_0_6 HP 0 6
PPS_D_C_300/130_20_2 mm Compact 20 –
PPS_D_C_300/130_20_4 mm Compact 20 –
PPS_D_HP_300/130_20_0 HP 20 0
PPS_D_HP_300/130_20_1 HP 20 1
PPS_D_HP_300/130_20_2 HP 20 2
PPS_D_HP_300/130_20_3 HP 20 3
PPS_D_HP_300/130_20_4 HP 20 4
PPS_D_HP_300/130_20_5 HP 20 5
PPS_D_HP_300/130_20_6 HP 20 6
PPS_D_HP_300/130_20_7 HP 20 7
PPS_D_HP_300/130_20_8 HP 20 8
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measurements according to cutting plan shown in Fig. 2 (following the
propositions in [25]):

The test specimens position feature both 0° and 90° directions (along
and perpendicular to the flow path, which is qualitatively shown in the
direction of the specimens) in order to investigate the mechanical
properties parallel and perpendicular to the flow path.

3.3. Fiber length measurement

As shown in [3,13,23] the mechanical properties are highly de-
pendent on the fiber length and orientation of the injection molded
parts. To ensure that the fiber length can be projected directly on the
results of the mechanical testing, both specimens are extracted in the
same area and the same dimensions of 80mm×10mm×4mm (see
Fig. 2) and analyzed via FASEP fiber length measurement device from
xyz high precision at the Fraunhofer ICT. In a first step, the fibers were
separated from the PPS via pyrolysis using the furnace Linn High Therm
VMK-250-S up to 700 °C in 9 h (Room temperature to 250 °C in 2 h with
1 h holding time, increasing to 700 °C in 6 h holding for 1 h). The se-
parated fibers then are manually dispersed in a water/glycol solution.
At least 6000 single fibers were measured with the FASEP scanning
device to obtain statistical valid data.

The quantitative number of fibers is displayed as weight average
fiber length because processing the initial continuous glass fiber rovings
is a manufacturing process for long fiber thermoplastic materials. [26]
suggests this representation to accommodate the higher influence of
longer fibers on the mechanical properties.

3.4. Structural sandwich microstructure (cross-section)

The microstructure of the microcellular foamed sandwiches is in-
vestigated using optical microscopy and additionally by scanning

electron microscopy in post-mortem investigations after Charpy impact
tests.

The SEM analysis of fractured surfaces of representative Charpy
impact specimens was conducted on a scanning electron microscope
SUPRA 55 VP from Zeiss.

3.5. Differential scanning calorimetry (DSC)

The crystallinity and mass-specific change of melt enthalpy ΔHf and
cold crystallinity enthalpy ΔHc were obtained using a DSC 1 from
Mettler Toledo. The specimens face sheets were separated from the core
using a sharp cutting knife to prevent possible changes of the crystal-
linity due to re-heating the specimens. For each specimen two samples
(10mg) were taken, encapsulated and heated from 30 °C to 350 °C with
a heating rate of 10 K/min and cooled back to 30 °C with 10 K/min.

3.6. Charpy impact testing

With the impact pendulum HIT5.5P from Zwick/Roell the charpy
impact strength of the specimens was obtained according to ISO 179-
1:2010 with flatwise orientation. This orientation represents the most
common loading condition for sandwich structures used e.g. as subfloor
in the automotive industry.

3.7. Bending testing

The bending properties of the sandwich composites are determined
by a four-point bending test following DIN 14125. This standard testing
method requires five valid specimens for each set of parameters. The
testing is done on a Zwick Roell Z2.5 TN universal testing machine with
2.5 kN maximum load using a load cell with 2.5 kN capacity. The
bending stiffness is calculated according to DIN 14125 between nom-
inal strain rates from 0.05% to 0.25%. The deflection is measured using
the machine crosshead position. The deflection of the inner loading bars
(span length: 22mm upper and 66mm lower bars) and of the specimen
center is evaluated. There are two degrees of freedom on the upper
loading bars to prevent reaction forces from the loading condition. As
suggested in DIN EN ISO 178 ether the maximum of bending stress or –
if the stress–strain curve lacks a maximum – the bending stress at
conventional deflection (1.5× thickness of the specimen).

4. Results and discussion

All samples are manufactured with the same thermal history with
the D-LFT-FIM process and compared on their Ashby material index
described in chapters 2 and 3 on lightweight and stiff respective strong
blanks. This allows a comparison between compact 4mm blanks to the
4mm sandwich structures foamed with the parameters indicated in
Table 1.

4.1. Mold pressures

In Fig. 3 the in-mold pressure over time curves of the compact 4mm
blanks without fibers (PPS_D_C_300/130_0_4mm and PPS_C_HP_300/
130_0_2mm) while injection molding are shown. The maximum pres-
sure recorded for the 4mm blank is ∼230 bar and for the 2mm blank
∼660 bar. By observing the progression of the curves it is possible to
identify that both blanks are filled completely as all sensors show an
increase of in-mold pressure. The position of each sensor can be seen in
Fig. 1.

With 20wt% fiber reinforcement (specimen PPS_D_C_300/
130_20_4mm and PPS_C_HP_300/130_20_2mm) the in-mold sensor
show the course illustrated in Fig. 4.

The maximum pressure recorded for the 4mm blank is ∼300 bar
and for the 2mm blank ∼710 bar. Injecting the melt into a 2mm cavity
gap instead of a 4mm gap increases the maximum pressure up to

Fig. 2. Position of the specimens.
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∼190% for neat PPS and up to ∼135% for fiber reinforced PPS. The
fiber reinforcement of 20 wt% glass fibers increases the maximum in-
mold pressure up to ∼30% for 4mm cavity gap and up to 6% for the
2mm gap.

In Fig. 5 the in-mold the pressure curves of foamed, neat PPS with
different delay time is shown. Specimen PPS_HP_300/130_0_0 has no
delay time, which means that after the injection process is completed
the mold opens from 2mm to 4mm immediately. The specimen
PPS_HP_300/130_0_3 shows, that within the delay time of 3 s, the
pressure inside the mold decreases from ∼250 bar to ∼220 bar re-
maining over the saturation pressure of supercritical N2 of 34 bar.

As the mold is filled entirely before the opening stroke allowing the
core material to expand, a decrease of in-mold pressure with foaming
cannot be seen here.

The in-mold pressure of high pressure foamed PPS reinforced with
20 wt% glass fibers and increasing delay time (0 s (top) and 3 s
(bottom)) are shown in Fig. 6.

The curve progressions are similar to the curves of the neat PPS,
showing a slight drop of in-mold pressure due to the holding time and a
large pressure drop when the mold is opened. In both figures it can be
observed, that sensor 1_p-sensor and 2_p-T-sensor run simultaneously.
This proofs, that the melt front reaches both at the same time indicating
a linear melt front from the bottom of the mold.

4.2. Fiber length measurement

As the fiber length depends on the process parameters and

influences the mechanical properties of composite materials (Table 2)
provides information about the influence of the process variations on
the fiber length. This knowledge ensures the right interpretation of the
mechanical properties.

As there are over 6000 single fibers measured within one re-
presentative specimen no standard deviation can be given. As addi-
tional information a fiber length histogram (on the example of
PPS_D_HP_300/130_20_3 (parallel) in Fig. 7) is shown to investigate the
fiber length distribution. The distribution of this histogram is re-
presentative for all specimens listed in Table 2 with the maximum of
weight mean frequencies of fiber length in an area of ∼500 μm–900 μm
and smaller weight mean frequencies for longer fibers.

Comparing the fiber lengths of the 4mm compact blank to the 2mm
blank shows, that there is no higher fiber breakage due to higher shear
forces injecting in the smaller cavity gap. As the high pressure foamed
specimens start at a mold gap of 2mm the fiber length of the foamed
specimen is in the same value range as the compact blanks. Within this
study and with PPS as matrix material no significant improvement on
the fiber length using a physical blowing agent is monitored.

As shown in Table 2, there is little to no influence of the position of
the specimens (parallel or perpendicular to the melt flow path). The
overall processing with the extrusion and injection molding machine
combined with the fiber preserving mold lead to fiber length of
∼750 μm exceeding the measured fiber length (∼240 μm) of the spe-
cimens manufactured with foam injection molding of short fiber PPS
granules in [23].

Fig. 3. In-mold pressure 4mm (top) and 2mm (bottom) neat PPS.
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4.3. Sandwich microstructure (cross-section)

The SEM analysis of the representative fracture surfaces obtained
after the Charpy impact testing with increasing delay time are shown in
Fig. 8 for neat PPS and in Fig. 10 for 20wt% glass fiber reinforced PPS.

With the neat and foamed PPS it can be observed, that while in-
creasing the delay time the face sheet thickness remains the same
(∼0.25mm). The cell structure (cell diameter) nevertheless increases
from 0 s to 1 s delay time and then decreases to cell sizes of ∼15 μm.
Specimens with 4 s or more delay time were not suitable for mechanical
testing, because of the visible inhomogeneous cell and sandwich
structure (void shaped large cells (PPS_D_HP_300/130_0_4;
PPS_D_HP_300/130_0_5) or delaminating of the face sheet while pre-
paring (PPS_D_HP_300/130_0_6)) which can be seen in Fig. 8.

Details on the voids are illustrated in Fig. 9, where a sector of
specimen PPS_D_HP_300/130_0_5 with unfilled core is shown.

Also the formation of the cell orientation can be observed which can
be explained by the complex flowing/cooling behavior inside the mold
or turbulences at the opening stroke. This behavior and the voids shown
in Fig. 9 can be avoided by e.g. increasing the mold/melt temperature
or holding pressure. These optimization approaches however are be-
yond the scope of this study and will not be further discussed.

In Fig. 10 the cross sections of fiber reinforced and foamed

specimens obtained by SEM after the Charpy impact testing with in-
creasing delay time are shown.

Qualitatively the specimens show the same trend as the neat PPS
sandwich structures – an increase of cell diameter from 0 s delay time to
1 s followed by a continuous decrease. The interface between face sheet
and core of the reinforced specimens appear indefinite. Therefore, the
thickness of the face sheet is measured optically and can be specified in
a range from ∼0.24mm to 0.27mm for all representative specimens.
As the load of the impact of the Charpy testing always came from the
stationary mold half’s side it is no surprise, that the opposite (tension
load bearing) side delaminates. This can be observed for specimen from
4 s delay time up to 8 s delay time.

Table 3 shows the cell size characterized by the linear intercept
method known from the metal grain measurements described in ASTM
E112 and DIN EN ISO 643. The cell mean average sizes were obtained
from SEM images out of the core region of the specimens with and
without fiber reinforcement. The cell size of specimen PPS_D_HP_300/
130_0_1 (illustrated in Fig. 8) was measured in the moving mold halfs
region because of the irregular shape of the cells in the top part. For
specimen with large voids and unfilled areas like specimens
PPS_D_HP_300/130_0_4 and PPS_D_HP_300/130_0_5 a section of the
specimen was broken a second time in an area where the representative
microstructural layup could be obtained.

Fig. 4. In-mold pressure 4mm (top) and 2mm (bottom) of compact and with 20 wt% glass fiber reinforced PPS.
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Fig. 5. In-mold pressure of neat high pressure foamed PPS with increasing delay time (0 s (top) and 3 s (bottom)).

Fig. 6. In-mold pressure of high pressure foamed PPS reinforced with 20 wt% glass fibers increasing delay time (0 s (top) and 3 s (bottom)).
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This method was applied on the SEM images of the fiber reinforced
specimens in a local area of homogeneous cell size. This helps to
minimize errors due to irregular shape of the fractured cross sections.
These brittle fractures lead to areas with no flat surface by the different
fiber orientations in the face and core layers. A detailed example for the
qualitative cell size of reinforced specimen and the fiber–matrix inter-
face is shown in Fig. 11.

4.4. Differential scanning calorimetry (DSC)

The sandwich layup in Fig. 8 shows a strict separation of face layers
and core section. The face sheets (which are cooled rapidly to the mold
temperature) and the core region (which cool slower due to the

Table 2
Weight average fiber length in μm of PPS reinforced with 20wt% glass fibers
(compact and foamed with increasing delay time).

Specimen designation Weight average fiber length in μm

Perpendicular Parallel

PPS_D_C_300/130_20_2mm 711 728
PPS_D_C_300/130_20_4mm 760 764
PPS_D_HP_300/130_20_0 805 840
PPS_D_HP_300/130_20_3 733 770
PPS_D_HP_300/130_20_6 763 795

Fig. 7. Weight frequencies histogram of fiber length for specimen PPS_D_HP_300/130_20_3 (parallel).

Fig. 8. SEM cross sections of PPS without fiber reinforcement.
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insulation of the face sheets) have a different cooling rate, the differ-
ence in the crystallinity is investigated separately. Both regions of the
representative sandwiches are separated and a DSC is performed for the
face sheet and core individually. Table 4 shows the result for the DSC
analysis, where Δ Hf is the specific melt enthalpy, Δ Hc the specific
enthalpy for cold crystallization, Δ Hrc the specific enthalpy for re-
crystallization while cooling at 10 K/min and Xc the degree of crys-
tallinity [20]. Xc is calculated by adding Δ Hf (by convention a positive
value) to Δ Hc (by convention a negative value) and divided by Hf0 (the
theorectical value for a 100% crystalline sample, in this case 80 J/g
following [18]) [20].

For process induced differences in degree of crystallinity, the ana-
lysis of the first heating cycle is key. Whereas the granule shows a
significant lower degree of crystallinity due to a high degree of cold
crystallization, the variation of the delay time has no influence on Xc.
Also no significant difference of the first heating cycle between face

layers and core can be seen. This finding is in accordance with [24],
were the crystallinity of low pressure foam injection molded PPS was
investigated.

The crystallinity of the granules is dominated by their manu-
facturing process, which leads to a high degree of cold crystallization
and therefore to a low crystallinity. At the second heating (which re-
presents the condition of molten polymer inside the plasticization unit)
this state is neutralized ant the degree of crystallization is at the same
level of ∼39–42%.

4.5. Charpy impact testing

Fig. 12 illustrates the material index MC (the material index for
lightweight and impact resistance described in chapter 3) for neat and
reinforced, compact and foamed PPS blanks varying the delay time
according to their designation described in Table 1.

Fig. 9. SEM cross sections of PPS_D_HP_300/130_0_5 with unfilled core and solidified melt flow turbulences.

Fig. 10. SEM cross sections of PPS with 20wt% fiber reinforcement.
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For the compact, neat PPS the material index is the highest, fol-
lowed by the foamed and neat blanks and the foamed, reinforced spe-
cimens. The orientation of the specimens – perpendicular or parallel to
the flow path – have a significant influence on the mechanical prop-
erties. This can be explained by the known fiber and molecular or-
ientation inside the blanks due to the melt flow. The decrease of the
mechanical properties compared to compact and neat PPS can be ex-
plained by the notching effect of both the fibers and the cells. These
small and additional imperfections lead to a smaller Charpy impact
resistance and a smaller MC.

4.6. Bending testing

The foam injection molding processes creates an unavoidable layup
of integral foam due to the mold temperature. This sandwich layup
increases the stiffness of the specimen as the face layers – which take
tensile/compression loads – are distanced from the neutral phase in-
creasing the moment of inertia of area. The core section transfers these
loads to the face sheets and – as the neutral phase runs through the
center of the core – does not have to take as high loads as the face
sheets. Therefore, the overall sandwich weight per area can be reduced
as the mass of the core is reduced.

Fig. 13 shows the material index for stiff and light blanks without
fiber reinforcement and compared to a 4mm compact specimen.

As illustrated in Fig. 13 the material index MBEM increases from
∼1,07 GPa1/3/(g/cm3) for the compact specimens to ∼1,7 GPa1/3/(g/
cm3). This shows the light weight potential of the high pressure FIM. As
there are no fibers in the specimens, no significant difference between
the specimens’ position parallel or perpendicular to the melt flow can
be observed. The small standard deviation shows the stability and re-
producibility of the foam injection molding process and leads to sta-
tistical valid results. With increasing the delay time, no increase of
MBEM can be observed, which can be explained by the identical face
sheet/core ratio illustrated in Fig. 8. This ratio is the main structural
influence on the mechanical properties.

Fig. 14 shows MBEM for fiber reinforced PPS manufactured with the
direct (foam) injection molding process.

The material index – as described for neat, (foamed) PPS – increases
to ∼2,15 GPa1/3/(g/cm3) (parallel orientation) for foamed sandwich
structures compared to ∼1,25 GPa1/3/(g/cm3) for compact specimen.
Also the fiber reinforcement of 20 wt% glass fibers amplifies the MBEM

around 26% showing the potential of fiber reinforced composites.
In Fig. 15 the material indices for strong and light materials are

compared. As the neat PPS foamed specimens show no maximum in
their stress–strain curves the substitution value MCD (Material index for
strong and lightweight blanks at the conventional deflection) as de-
scribed earlier and in DIN EN ISO 178 is used. The delay time – as for
the material indices for stiff and lightweight specimens – has no sig-
nificant influence on the value of MCD. This circumstance and the drop
at 1 s delay time can be explained with the sandwich layup described
previous.

The specimens manufactured with 20wt% fiber reinforcement have
a maximum at their stress–strain curves, leading to the material index
MMS (at maximum stress). Fig. 16 shows the values of the 4mm com-
pact blanks in comparison to the foamed specimens.

The findings show, that using the high pressure foam injection
molding with increasing delay time no increase of the face layers’
thickness is accompanied. This is in direct contrast with other findings
for this process using other polymers like polypropylene [4,9]. In these
previous studies the increase of delay time solidified more material
leading to thicker face layers and to higher resulting mechanical

Table 3
Average cell size.

Specimen Average cell diameter (μm)

PPS_D_HP_300/130_0_0 39
PPS_D_HP_300/130_0_1 50
PPS_D_HP_300/130_0_2 35
PPS_D_HP_300/130_0_3 29
PPS_D_HP_300/130_0_4 30
PPS_D_HP_300/130_0_5 16
PPS_D_HP_300/130_0_6 19
PPS_D_HP_300/130_20_0 46
PPS_D_HP_300/130_20_1 86
PPS_D_HP_300/130_20_2 36
PPS_D_HP_300/130_20_3 28
PPS_D_HP_300/130_20_4 23
PPS_D_HP_300/130_20_5 24
PPS_D_HP_300/130_20_6 25
PPS_D_HP_300/130_20_7 15
PPS_D_HP_300/130_20_8 17

Fig. 11. SEM image of a glass fiber covered in foamed PPS (Specimen:
PPS_D_HP_300/130_20_4).

Table 4
DSC results for PPS granule, face layer and core.

Specimens designation 1. Heating 1. Cooling 2. Heating

Δ Hf (J/g) Δ Hc (J/g) Xc (%) Δ Hrc (J/g) Δ Hf (J/g) Δ Hc (J/g) Xc (%)

PPS granules 33,67 ± 0,49 −15,23 ± 0,36 23,04 ± 0,16 34,97 ± 1,25 31,25 ± 0,39 – 39,06 ± 0,49
PPS_D_HD_300/130_0_0 face layer 32,6 ± 1,6 – 40,7 ± 2 34,58 ± 2,31 31,56 ± 2,23 – 39,44 ± 2,78
PPS_D_HD_300/130_0_0 core 32,3 ± 0,63 – 40,4 ± 0,78 35,92 ± 0,105 31,84 ± 0,42 – 39,79 ± 0,52
PPS_D_HD_300/130_0_3 face layer 30,4 ± 1,7 – 37,97 ± 2,1 31,87 ± 0,7 28,15 ± 1,32 – 35,19 ± 1,65
PPS_D_HD_300/130_0_3 core 31,19 ± 0,77 – 38,98 ± 0,96 35,02 ± 0,56 31,22 ± 0,9 – 39,03 ± 1,1
PPS_D_HD_300/130_0_6 face layer 33,61 ± 1,4 – 42,0 ± 1,76 35,5 ± 1,7 34,98 ± 0,29 – 43,73 ± 0,36
PPS_D_HD_300/130_0_6 core 32,1 ± 0,35 – 40,12 ± 0,43 33,68 ± 0,61 31,23 ± 0,56 – 39,04 ± 0,7
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properties. The DSC measurements showed no difference on the crys-
tallization between these face layers and the core, the values for Xc for
PPS material range from 39 to 42 %. This is in accordance to [24] and
allows no further insight on the face layer building mechanisms.

Comparing results of previous studies on the low pressure foam
injection molding of PPS [23] it is shown, that the high pressure foam
injection molding process in combination with Xytron U3020E leads to
smaller cell sizes. The mean average cell sizes within this study range
(dependent on the delay time) from 15 μm to 86 μm whereas in [23] the
range is ∼30 μm–110 μm. This can be explained by the higher melt
strength of the extrusion PPS type used, the higher crystallinity and the

sudden pressure drop at the opening stroke of the mold. The addition of
fibers has within this study no significant influence on the cell size,
which is in contrast to the theoretical considerations on the nucleation
of microcellular thermoplastic foam other polymer/fiber systems [3]
and experimental findings in [6].

The weight average fiber length of short fiber reinforced PPS in-
vestigated in [23] of ∼0.23mm could be exceeded by the direct process
in this paper resulting in weight average fiber length of ∼0.75mm. The
variation of parameters such as the gap size at injection (2mm re-
spective 4mm), the specimens’ orientation to the flow path or the delay
time showed no influence on the fiber length. Therefore, it is concluded,

Fig. 12. Material index MC for neat and fiber reinforced, foamed PPS.

Fig. 13. Material index MBEM for neat (foamed) PPS.
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that the main fiber breakage occurs before injecting into the mold and
is not dominated by higher shear stress using a smaller cavity gap.

The mechanical indices for bending loads of the foamed, reinforced
specimens surpass the indices of the foamed, neat or compact specimen.
Also the determined values for the 20wt% glass fiber reinforced PPS are
at the same lever or exceed the values of 40 wt% short glass fiber re-
inforced PPS shown in [23] or neat PPS foamed with low pressure in-
jection molding [23].

5. Summary and conclusions

The D-LFT-FIM process has successfully been adapted to glass-fiber
reinforced and foamed polyphenylene sulfide. The application of the
high-pressure foam injection molding process with this material system
showed high potential regarding the lightweight design of the material
class “integral long fiber reinforced sandwich structures”.

Several different polyphenylene sulfide blanks – including

Fig. 14. Material index MBEM for fiber reinforced (foamed) PPS.

Fig. 15. Material index MCD for neat (foamed) PPS.
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reinforced and foamed ones – were manufactured in the direct injection
molding/compounding process, presenting new possibilities of direct
processing for high performance engineering plastics like PPS.

The specimens taken out of an area of uniform melt flow have been
tested and compared on their fiber length, the material indices for
Charpy impact strength, bending stiffness and strength. With the used
injection molding, reinforcement and foaming parameters the material
index MBEM was increased from ∼1,07 GPa1/3/(g/cm3) for compact
materials to ∼1,7 GPa1/3/(g/cm3) for unreinforced PPS sandwich
structures and from ∼1,25 GPa1/3/(g/cm3) compact material to
∼2,15 GPa1/3/(g/cm3) for reinforced sandwich structures. It could be
shown, that for PPS the delay time (=time before opening the mold)
using the shown processing parameters doesn’t increase like for other
polymers manufactured with a similar foaming method. The material
index MC for the Charpy impact strength shows a large decrease of
mechanical properties using glass fiber reinforcement and/or micro-
cellular foam cores which can be explained by the increasing notch
factor due to the added “imperfections”. This concludes the feasibility
of lightweight sandwich structures under bending loads which are
foamed using the high pressure foam injection molding process. The
combination with the direct processing of polyphenylene sulfide re-
inforced with glass fibers results in high specific material utilization.
The fiber matrix bonding and foam structure was validated by optical
analysis was assessed good and the cell size obtained with the linear
intercept method using SEM images showed small and fine dispersed
cell size. Unlike outer polymers the created sandwich structures have
the same face layer to core ratio with different cell sizes depending on
the delay time. PPS (neat and reinforced) can be therefore used in-
vestigating the influence of the foamed core microstructure on the
mechanical properties without the superimposing influences of the face
layerś thickness.
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