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Properties Enhancement of Short-Glass-Fiber Reinfor ced
Thermoplastics by Sandwich Injection Molding Technique
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ABSTRACT

Thisarticle demonstrates the possibility of using sandwich injection molding in order toimprove
themechanical propertiesof short-glass-fiber-reinforced thermopl astic by investigating theeffect of fiber
orientation, compared with conventional injection molding. The effects of short-glass-fiber content
within skinand corematerials, inthe present case PP, varying from 0to 40 wt % were studied. Theresults
showed an increase in the maximum tensile stress and impact strength as the concentration of the short-
glass-fiber wasincreased. The mechanical properties of sandwich moldingswere observed to be dlightly
higher than conventional injection moldings, whichisattributed to the higher fiber orientation and | esser
voids within the core layer. The effect of different processing types on the phase distribution of short-
glass-fibersshowed no significant phase separati on eff ects between sandwich and conventional injection
mol ding processes, except when using of sandwichinjection processwith different materials. Theresults
obtained by analyzing the fiber attrition inside the skin and core regions in the longitude direction of
tensile specimens showed that the degree of fiber degradation inside the skinlayerswere higher than the
core layers and there are only minor differences in fiber length inside skin regions observed between
sandwich and conventional injection molding processes, whilst this effect being more pronounced inthe
coreregionsand for the higher fiber volumefraction. The theoretically cal culated values of the ultimate
tensilestress (UTS) werefound to be considerably higher than the experimental values. However, amore
realisticestimation of UTScan beachieved by using measured val uesfor fiber length within skinand core
layers.

K ey words: sandwich injection molding, fiber orientation, fiber length distribution, short-glass-fiber,
mechanical properties

INTRODUCTION ratioand remarkably enhanced physical properties

when compared with pure polymer products. The

At present, the use of composite materials
in industry iswell accepted and increasing every
years. Boththermoset and thermopl astic polymers
areusedin combinationwith glassfibers(chopped
strand, continuous, etc.). The main advantage of
composites over steel ishigher strength to weight

other benefits are ease of processing, design
freedom, high impact and corrosion resistance.
Recently, thermoplastic composites play
animportant role because of their greater ductility
and processing speed, as compared to thermosets.
They are frequently used as matrices of short-
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fiber-reinforcedthermoplastics(SFRT). Although
SFRT do not achievethecharacteristic mechanical
values which can be obtained by long-fiber
reinforcement (Thomson, 2002; Reganetal ., 1995.)
but they can still be processed in convenient way
and their excellent price/property ratio, e.g. by
using the injection molding of these composites
for thehigh volume production purposes, complex
shapes, and lower manufacturing costs.
Furthermore, their intrinsicrecyclability israpidly
being recognized asastrong driving forcefor their
further application (Clegg, 1994). However, the
propertiesof short-fiber-reinforced thermoplastics
areposing aproblem of fiber orientation depending
onprocessing conditionssuchasvel ocity, pressure,
temperature, and by mold design such as gating,
inserts and section thickness (Akay and Barkley,
1985; Gupta dnd Wang, 1993.) as schematically
demonstrated in Figure 1. Therefore, these
materials cannot be assumed to possess isotropic
mechanical properties. The different fiber
orientation between skinand corelayer affectsthe
mechanical and thermal properties of the molding
and can also lead to distortion due to differential
shrinkage between sections with different fiber
orientations (Bailey, 1994).

The two-component injection molding
process (sandwich molding process) is shown in
Figure 2, consists of two injection units and the
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different polymer melts are injected sequentially
into a cold mold. The first polymer entering into
the mold to be the skin material of the fina part,
and the core material is embedded within the
solidified layers. The advantage of this process
over single-component injection molding process
are recycled polymer that can be used as core
material withinskinmaterialsand cellular polymer
can be used as core material to reduce part weight
and part residual stress. A number of papers(Chen
et al. 1994; Schlatter et al., 1999) have been
published concerning the polymer melt flow and
weldline strength of injection molding carried out
using co-injection molding technique whilst little
attention has been given to the effect of molding
parameters on mechanical properties of co-
injectionmolding. Seldezn (Seldezn, 2000) studied
the effect of molding conditions on material
distribution and mechanical properties of a
sandwich molded plate in co-injection molding
using a polyamide 6 (PAG6) as skin and a 20%
glass-fiber-reinforced polybutyleneterephtal ate
(PBTP) as core. The results suggested that three
parameters: injection velocity, core temperature,
and corecontent werethemost significant affecting
skin / core distribution. A high core temperature
was the most significant variable promoting a
constant core thickness, while core content was
the most significant factor influencing a

v
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Figurel Schematicdiagram of aninjectionmolding indicating thefiber orientationinthe skinand core

layers.
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Figure2 (&) Schematic principle of sandwich injection molding process and (b) Polymer melt flow

profile in sandwich molding.

breakthrough of the core. Impact and flexural
properties show a high correlation with the skin /
core distribution in the thickness direction. An
increased corethicknessincreasesflexura modulus
and strength but trend to decreasing in impact
strength due to the brittle core and propagates
throughtheductileskins. The SCORIM ™ method,
which has been developed by Allan and Bevis
(Allan and Bevis, 1994) can control the fiber
orientation of injection molded parts using atwo
live—feed device which is located between the
plastification unit and the mould cavity. The
experimental resultsof whichwerealso compared
withthoseof partsmadeby conventional molding.
Their finding shows that shear controlled
orientationtechnol ogy (Scortec) canenhancefiber
alignment and tensile modulus when measured
parallel to the process.

Since the fiber orientation distribution is
critical to the mechanical performance in
discontinuous fiber composites. Therefore, the
objective of this work, the sandwich injection
molding techniqueisused in order to enhance the
mechanical properties of short-glass-fiber-

reinforced thermoplastics. The effects of fiber
concentration (ranging from O to 40 wt %), fiber
orientation, phase separation, and fiber length
distribution within skin and core layer on tensile
and impact strength were our primary focus. The
experimental results of which are then compared
with those obtained from conventional injection
molding machine and theoretical calculation of
ultimatetensile strength (UTS) based on arule of
mixture for short fiber composite.

MATERIAL AND METHOD

Materials used in this study were unfilled
polypropylene(PP-H 1100L ), suppliedingranular
form by TARGOR and polypropylene filled with
20 and 40 wt % short-glass-fiber (PP32G10-0 and
PP34G10-9) marketed by BUNA. The test
specimens were molded on an ARBURG
ALLROUNDER two-component injection
molding machine (Model: 320S 500-350). It can
be employed both for conventional injection
mol dingand sandwichmolding. Thecorematerials
werecoloredprior toinjectionmolding, tofacilitate
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identification of the interface between the two
materials. Levelsforinjection speed and skin/core
volume ratio were chosen by trial and error such
as. the injection speed of first plasticator (skin
material) should behighinorder to achieveagood
surface finish and to prevent premature
solidification of the melt (Zoltex, 2000) whereas,
lower injection speed of second plasticator (core
material) was used to assess the uniform core
extension along the flow direction without the
breakthrough of the core material at thefar end of
the bar (Schlatter et al., 1999; Seldezn, 2000).
Several settingsweretried and thoseleading to an
overall satisfying quality with regard to visual
propertieswerefinally chosen, asshownin Figure
3. All the specimens were molded only after the
machine had attained steady state with respect to
the preset melt and mold temperatures. The mold
temperature was 55°C and the five heating zones
(fromnozzletofeed zone) were set to 250°C, 240°
C, 230°C, 220°C, and 210°C, respectively. The
processing parameterswere summarizedin Table
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1 and the experimental outlines for investigating
of single and sandwich molding specimens,
containing different short-glass-fiber contents
between skin and core materials, are given in
Table 2.

The molded tensile specimens were tested
on Zwick 1464 mechanical tester at a crosshead
speed of 5mm/min for asample gage length of 50
mm, according to therecommendation of DIN EN
1SO527-1/1A/5. For each molding condition, five
dumbbell-shaped specimens were tested and the
averagevaluesof themaximumtensilestresswere
used for analysis.

Charpy impact tests were conducted on a
CEAST impact tester model 6545 using the
specimenswith aV-notch. The tests were carried
out with impact energy of 1 Joule and a sample
span length of 80 mm, referring to the standard of
DIN EN 1SO 179/1 e A. The average values of
notched impact strength (kJ/m?2) were obtained
again from group of five specimens.

The fiber orientation distribution and area

Longitudinal ar

Mid-plane area

The core melt front with and without
breakthrough at the end of the bar

©

Figure 3 (a) Isochronesin sandwich injection molded short shots at different times, (b) Flow patterns
intheregion of thefar end of the tensile bar at different injection flow rates of core material,
and (c) Location of cross-sectional and longitudinal areas for this investigation.
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fractionbetween skinand corelayerswereassessed
by OLYMPUS model PMG3 optical microscopy
and computer aided image analysis (adi Analysis
version 5.1 and Image-Pro Plus). The specimens
for the observation of fiber orientation were
obtained from tensile test piece by cutting at the
center of the specimen, as illustrated in Figure 2
(c), and mounting the section of parts on a stage,
which were then polished by a metallurgical
polishing technique. Theaveragefiber orientation
factor, fp in the skin and core regions (fps and fpc,
respectively) were calculated using equations 1a

Table1l Processing conditions.

161
and 1b (Karger - Koscis, 1989).

fo = 2(cos? ¢) -1

Z N(g; )cosz(qoiz)
: (1b)

;N(q’i)

where @, istheanglebetweentheindividual
fibers and local flow direction, and N(¢) is the
number of fiberswith acertainangle ¢; totheloca
flow direction. This orientation function takes
values between —1 when all the fibers are

(1)

<0052 (p> =

Conditions Single molding Sandwich molding
1st-plasticator 2nd-plasticator
Injection pressure (bar) 1000 1000 1000
Holding pressure (bar) 800 - 800
Holding time (sec) 10.8 - 10.8
Back pressure (bar) 60 60 60
Cooling time (sec) 36 - 36
Injection flow time (sec) 0.80 0.80 3.0
Screw speed (m/min) 12 12 12
Injection volume (ccm), (%) 37 (100%) 14.8 (40%) 22.2 (60%)
Table2 Experimental outlinesin this study.
No. Single molding Sample code
1 PP PP
2 PP+SGF 20 wt% SFRPP20
3 PP+SGF 40 wt% SFRPP40
Sandwich molding Sample code
Skin material Core material (Skin/Core)
4 PP+SGF 20 wt% PP SFRPP20/PP
5 PP PP+SGF 20 wt% PP/SFRPP20
6 PP+SGF 20 wt% PP+SGF 20 wt% SFRPP20/SFRPP20
7 PP+SGF 40 wt% PP SFRPP40/PP
8 PP PP+SGF 40 wt% PP/SFRPP40
9 PP+SGF 40 wt% PP+SGF 20 wt% SFRPP40/SFRPP20
10 PP+SGF 40 wt% PP+SGF 40 wt% SFRPP40/SFRPP40
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perpendicular totheflow and 1 when all thefibers
are paralel to the flow. In the case of random
orientation, the valueis 0.

For theinvestigation of fiber length within
skin and core layer, the tensile specimen were cut
into seven pieces, asindicated in Figure 4 and the
separation of skinand corematerialswereutilized
by microtome technique. Short-glass-fibers were
then isolated from the composite materias by
pyrolysis at the temperature of 650°C in a muffle
furnace for about 1 hour. Ash of fibrous material
was left and some fibers were extracted from the
sample ash and dispersed on a rectangular glass
plate. The plate was placed on the observation
stage of a microscope. Magnified fiber images
weretransmittedto asuitablemagnification (x50),
and fiber images were then semi-automatically
digitized by Image-Pro Plus software with a PC.
The fiber length distributions (FLD) were
determined by number-averagefiber lengthswhich
calculated from a minimum of 500 length
measurements on fibers recovered from
incineration of subdivision parts and individual
layers. The percentage of the differences between
a number-average fiber length of pellets and the
overall glass fiber length inside the molded part
(%Al ) was used to describe the results, which can

be considered using the following equation:

I ~lg

%Al = { } %100 ©

G

with Ig being the number-average fiber
length inside the granule and |; is the local fiber
length inside the individual layers (skin and core
layers) of sectioned parts

The phase separation analysis of sandwich
and single molding processes were determined
using a burning-off method according to DIN EN
60. ThesamesubdivisionasshowninFigure4was
selected. The statistical calculation and the
experimental procedure were employed in
accordancewith thework carried out by Hegler et
al.[24]. Thepercentageof thedifferencesbetween
thelocal filler concentration of sectioned part and
the overall glass content inside the molded part
(%AM; ) was used to illustrate the results, which
can be determined using the following equation:

M; — M
o j tot
%AM; = [—tc’t } %100 ©)

where M; isthelocal filler content and Myt
is the average total mass of specimen, which is
calculated by Equation 2.

Figure4 Subdivision of dumbbell specimen for fiber length measurement and phase distribution

analysis.
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wherempistheweight of specimen prior to
burning off, mg is the weight of the remaining
glass, and isthe number of samples (n > 5).

RESULTS AND DISCUSSION

Fiber Orientation Distribution

Single molding and a simple type of mold
cavity were considered to study fiber orientation
distribution. The skin and the core were easily
observed in longitudinal direction to the flow in
theskinand aperpendicular orientationtotheskin
in the core. This has been observed also in other
studies (Gogos et al., 1986; Akay and Barkley,
1991; Gupta and Wang, 1993; Allan and Bevis,
1994). In the skin region, the fiber orientation is
predominately along the flow direction dueto the
elongational forcesdevel oped during fountainflow
at the front and the shear flow after the front has
passed (Gogos et al., 1986; Tadmor, 1974). In
contrast, the core region consists of random-in-
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plane fiber alignment caused by differential
solidification, shearing, and melt-flow patterns
(Bailey, 1994), asillustrated in Figures 5 and 6.
Micrographsclearly revealed that thefibersorient
aongtheparabolicprofileinaplaneparallel tothe
z-y plane in agreement with a fountain flow
behavior and thevoidswhich are mostly localized
within the core layer where fiber orientation
changes rapidly dueto divergent flow (Akay and
Barkley, 1991; Meddad and Fiba, 1995). It was
aso seenthat thevalueof averagefiber orientation
factor within the core layer (fpc) of SFRPP20 was
higher thanthat of SFRPP40 (Table3). Inaddition,
theresultsobtained from Image-ProPlusAnalysis
software also indicated that the area fraction
between core layer and cross-sectional area of
SFRPP20 being about 8%, whereas SFRPP40
representing about 17%. The results are in good
agreement with the work carried out by Karger-
Kocsisand Friedrich, (1987, 1988) in such away
that anincreasein corelayer structure of injection
molded short-fiber-reinforced thermoplastics
appears to be more pronounced as the glass fiber
content increases.

Figure 7 and 8 show the fiber orientation
insidetheskinand corelayersof sandwich molded
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Figure5 Optical micrographsin the z-y plane of SFRPP20: (a) Cross-sectional and (b) Longitudinal

areain the center of the specimen.
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Figure6 Optical micrographsin the z-y plane of SFRPP40: (a) Cross-sectional and (b) Longitudinal

areain the center of the specimen.

Table3 Averagefiber orientation factor, , in the skin and core regions of short-glass-fiber-reinforced

PP.
Specimens Fiber orientation factor

fos foc
SFRPP20 0.94 0.65
SFRPP40 0.98 0.57
SFRPP20/SFRPP20 0.98 0.96
SFRPP40/SFRPP40 0.99 0.95

SFRPP20/PP 0.99 _

SFRPP40/PP 0.97 _
PP/SFRPP20 _ 0.87
PP/SFRPP40 _ 0.83
SFRPP40/SFRPP20 0.98 0.92

specimenscontai ning different glass-fiber contents.
For the SFRPP20/SFRPP20 and SFRPP40/
SFRPPAQ, the absol uteval uesof f,c along theflow
direction within core layer were higher than those
obtained from conventional injection molding, as
expected. In terms of the area fraction between
corelayer and cross-sectional area, theresultsalso
indicated that the area fraction of SFRPP20 and
SFRPP40 were reduced to 4%. The explanation

for these would result from two sources: Firgt, it
was due to the skin material of sandwich molding
whichwasfirst cool and solidified asit comesinto
contact with the cold mold wall, while the core
material still existsat thecenter of theflow channel.
Therefore, the solid skin material might act asthe
second mold wall inside the mold cavity resulting
inthewidthof theflow channel becoming narrower.
This behavior was supported by previous work
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Figure7 Optical micrographs in the z-y plane of SFRPP20/SFRPP20: (a) Cross-sectional and (b)
Longitudinal areain the center of the specimen.

Figure8 Optical micrographs in the z-y plane of SFRPP40/SFRPP40: (a) Cross-sectional and (b)
Longitudinal areain the center of the specimen.

carried out by Akay and Barkley (1991) and
Pechulis and Vautour (1997), dealing with the
core thickness and the presence of voids which
increased withincreasing thethicknessof molding
which significantly divergent flow occurring in
the mold cavity. Second, the slower the injection
speed of the second material, the higher the
thickness of solid layer formed during the filling
stage, which restricts the cross-sectional area

available for the flowing melt. This leads to a
higher velocity gradient that tendsto increase the
orientation at the adjacent melt layer. Theses
observations are a so in accordance with those of
Gupta and Wang (1993) as well as Gerard et al.
(1998) in that the increasing the thickness of cold
boundary layer, fibers at the mid-plane become
more flow-aligned and the thickness of the core
region decreases.
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Figure9 Optical micrographsof longitudinal area(z-y plane) of sandwich specimens: (a) SFRPP20/PP,
(b) SFRPP40/PP, (c) SFRPP400/SFRPP20, (d) PP/SFRPP20, and (e) PP/SFRPP40.

The photomicrographs of longitudinal
surface of sandwich specimens are illustrated in
Figure 9 (a) through 9 (€). These pictures clearly
indicate that thefibersare highly oriented parallel
to the local flow direction within the skin region,
aspresentedinFigures9(a)to9(c). Itisinteresting
to note that, in the core region, it also can be
observedthat thehigher degreeof fiber orientation
and lesser voids (Figures 9c-€) were thought to be
caused by the shape of the velocity profile and the
thicknessof thefrozenlayer near thewall asstated
earlier.

Phase Separation Analysis

Figure 10 shows the change in the percent
by weight of glass-fiberinsidethegranul es(%Wy)
asafunction of thegranular loading. It can beseen
that novariation of theWg of PPfilledwith20and
40 wt% (20G and 40G) with al case of granular
loading. Hence, it is clearly observed that the
granular loading did not affect thehomogeneity of
glass-fiber inside granules, which supplied by
manufacturer (BUNA).

Theeffect of fiber contentsand theeffect of
different processingtypesonthephasedistribution
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Figure10 Weight specific analysis of granules.
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Figure 11 Comparison of phase distribution analysisof short-glass-fiber reinforced PP with sandwich
and single injection molding process, at various positions of tensile specimen.
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of short-glass-fiber aredepictedin Figure 11. The
results clearly evident that the percentage of the
differences between thelocal filler concentration
of sectioned part and the overall glass content
insidethemol ded part (%AM;) did not changewith
the various short-glass-fiber concentration. The
resultsagreefairly well withthefindingsof Hegler
et al. (1987) and Kubat and Szalanezi (1974).
Furthermore, it wasal so observed that thereareno
significant variations of phase separation effects
detectable between the both of sandwich and
conventional injection molding processes.
However, the inhomogeneities became
considerably pronounced when using a sandwich
injection processwithdifferent material sasshown
in Figure 12 (different scale). For the case of
SFRPP20/PP and SFRPP40/PP, it can be seen that
at theregion of thegatethereisashortage of glass-

%AMj

Kasetsart J. (Nat. Sci.) 38 (6)

fibers, whichfinally turnsinto excessat thefar end
of the bar. In contrary to the observations made
with PP/SFRPP20 and PP/SFRPP40, where the
discrepanciesof glass-fibersarerelatively largeat
thefar end of thebar. Thiscould bearesult of the
parabolic shear flow occurring in the melt flow
front of core material, as demonstrated in Figure
13. Theresult of changesin %AM; for SFRPP40/
SFRPP20 indicated that no significant difference
except for thelast position. It can be explained that
the shortage of SFRPP20 (core material) was
compensated by the skin material (SFRPP40),
which have high filler contents resulting in the
glass-fiber extravagance in this position.

Fiber Length Distribution
Thefiberlengthdistributioninthegranules
of PPfilled with 20 and 40 wt % short-glass-fibers

50

-10 L
1 o)

203> \k‘.

" N
] ——SFRPP20PP - O~ PPISFRPP20 \

-40 & SFRPPAOPP  —=—PPISFRPPA0

- 1 +SFRPP40/SFRPE20 ' ' \g Position
1 2 3 4 5 6 7

25mm . 25mm : 25mm : 20mm : 25mm i 25mm ; 25mm,;

170 mm

Figure 12 Comparison of phase distribution analysis of short-glass-fiber reinforced PP for sandwich
injection molding process with different skin and core materials, at various positions of

tensile specimens.
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(20G and 40G), which supplied by manufacturer ~ always reduced to alimiting value depending on
are presented in Figure 14. In generdl, it can be  melt viscosity, the intensity of the shear field and
seen that the higher fiber loading, the shorter fiber  the time of treatment (Gupta et al., 1989). It was
length, as have been reported earlier (Fisa, 1985; aso clearly indicated that the mean fiber length at
Dospisil etal., 1994). Figure 15 (a) through 15(c)  each subdivisions of tensile specimens decrease
show the percentage of the differencesbetweena  withtheincrease of glassfiber volumefraction, as
mean fiber length of pellets and the overal glass  observed by many authors (Singh and Kamal,
fiber length inside the molded part (%Al). In all 1989; Thomason, 2002) in which a higher fiber
cases, it is clear that the fiber length was much  volume fraction is mainly attributed to the higher
lowerintheinjectionmoldingsthanintheextruded  fiber-fiber interaction and higher fiber-equipment
compounds due to the fact that the fiber lengthis  wall contact.

- KSkm material

Skinmaterial g

=

— Semeernen Core material The shortage of core material !

@ (b)
Figure 13 Flow patterns of sandwich injection molding process: (a) At the region of the gate and (b)
At the far end of the bar.
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Figure 14 Histogramsrepresenting fiber length distribution of the granules PP filled with 20 and 40 wit
% short-glass-fibers.
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Figure15 Fiber length distribution in the skin and the core layers at various positions of tensile
specimens. (a) For single and sandwich molding processes with 20 wt % short-glass-fibers,
(b) For singleand sandwi ch injection mol ding processeswith 40 wt % short-glass-fibers, and
(c) For sandwich injection molding process with different skin and core materials.
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The data in Figures 15 (&) —15 (c) aso
indicated that the fiber attrition inside the skin
layer of injectionmoldingswerehigher thaninthe
core layers. In our experiment, ssmple molded
geometry, thereduction of fiber length of SFRPP20
inthecorelayer whichwasapproximatedto be 10-
15% and in the skin layer representing about 20-
25%. For the higher fiber volume fraction, the
higher degreesof fiber degradationinsideskinand
corelayerswerefound, approximately 30%inthe
corelayer and 40-45% intheskinlayer. However,
these were not the case for this work. Karger-
Kocsis and Friedrich (1987) and Baily and Kraft
(1987) were also found that the skin region of the
molding contained much shorter fibers than the
core region due to a high shear rate near the mold
surface coupled with fiber interacts with themold
geometry.

With respect to the fiber attrition in the
longitude direction of the bar, it can be observed
from Figures 15 (a) to 15 (c) that the effects of
different processing types and glass-fiber
concentrationdo not leadto significant changeson
the fiber length reduction along the bar. In al
cases, there were only insignificant differences
between each subdivision. Probably cause by a
simply mold gravity used for this investigation
which haslesser affect on fiber length destruction
aongthebar, comparedtoacomplicated geometry
which hasgreater affect on thefiber attrition. This
was due to the higher injection pressure occurred
during thefilling and packing processes (Hegl er et
al., 1987.

Additionally, in comparing, the effect of
different processingtypesonthefiber lengthinside
the skin and the core regions. From the results
obtained in this work, there are only minor
differences in fiber length inside skin regions
observed between the both of sandwich and
conventional injection molding processes. This
wasassociated with ahigh shear rate near themold
surface and fiber interactions with the mold wall,
as mentioned earlier. However, the effect of

different processing typeshbeing morepronounced
inthecoreregion. In comparing thefiber length of
SFRPP20 (Core layer) and SFRPP20/SFRPP20
(Corelayer), it wasinteresting to observe that the
fiber length distribution within the core layer of
sandwich molding was dlightly lower than the
values obtained from single molding. For ahigher
fiber loading, the different values of fiber length
inside the core region between SFRPP40 (Core
layer) and SFRPP40/SFRPP40 (Core layer)
becomelarger. Theexplanationfor thesewould be
not only related to the narrower flow channel, the
higher shear rateoccurred during sandwichmolding
process but also the higher the fiber loading, the
morefreguent arefiber-fiber interactionsresulting
inthe higher fiber destruction in the core region of
sandwich moldings [56].

Mechanical Properties

Figure 16 illustratesthe tensile and impact
properties of sandwich molding specimens
containing different glass-fiber contents within
skin and core materials, comparing with single
molding specimens. Generally, it has been known
that theaddition of glassfibersresultedinagradual
increaseinthetensileandimpact properties( Chin
etal., 1988, Akay and Barkley, 1991; Thomason,
2002). The mechanical properties for PP co-
injected with glass-reinforced PP were generally
intermediate between those of the skin and core
materials alone (Messaoud et al., 2002). It was
interesting to note that, for the sandwich molding
(SFRPP20/SFRPP20 and SFRPP40/SFRPPA0),
the maximum tensile stress and impact strength
were sightly higher than for the single moldings
(SFRPP20 and SFRPP40). The increase in the
mechanical properties could be due to the higher
degree of fiber orientation and lesser voidswithin
corelayer, asstated earlier. However,incomparing
the mechanical properties of sandwich molding
and single molding, the mechanical properties of
sandwich specimens are not high as one would
expect. The explanation for this probably being
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Figure 16 Effect of glass-fiber contents on maximum tensile stress and impact strength.

due to the higher fiber attrition occurred during
sandwich molding process, asmention earlier and
this reduction in fiber length then reduces fiber
reinforcing efficiency.

Comparison of Experimental and Theor etical
Results

Itwasessential that theexperimental results
of maximum tensile stress should be considered
by comparing with thoseobtained theoretically. In
this work, the theoretical prediction used was
based on a rule-of—mixtures expression for the
ultimate strength (UTS) of the short-fiber-
reinforced compositesby assuming thefiber-matrix
interfacial bondisvery good suchthat deformation
of both matrix and fibersisthe same (anisostrain
situation). Under this condition, the total load
sustained by the composite () isequal to theloads
carried by longitudinal fibers and transverse (or
random) fibers McCrum et al., 1988.

Fc=FL+Fy ©®)

From the definition of stress, F = oA, and
thus expressions for F¢, F|, and Ft in terms of
their respective stresses are possible. Substitution
of these into Equation 3 yields

oucAc = oy AL + ouT At (6)

where, ,, and represent the composite, the
longitudinal layer (skin materid), the transverse
layer (core material), and across the area,
respectively. The types of molding were
schematically demonstrated in Figure 17 (a). By
dividing through by the total cross-sectional area
of thecomposite, AcandthentheUT Sof composite
material, oycis

y

O'UC=O'ULi+O'UT_ (7)

Ac Ac

where A /Ac and At/Ac areareafraction of
skin and core regions of composite, respectively.

The ultimate tensile strength, oy of the
skin layer where fibers are parallel to the tensile
axisisgiven by
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Figure 17: Schematic illustration of cross-sectional area of single and sandwich molding.

0
OoyL ZEVf +O'm(1—Vf) for< (8)

ouL = 0t Vs (1- 1/21) + om(1-Vy)  forl 21 (9)

where 7 is interface shear strength of
bondagebetweenfiber and matrix, oy, isthetensile
strength of the matrix, V; is the fiber volume
fraction, | and d are the mean length and the
diameter of thefiber, | isthe critical fiber length
=(otd) / 27, and oistensile strength of glassfiber
(= 3.4 GPa) (Milewsky and Katz, 1987).

In the core layer, the short fibers are more
likely to berandomly oriented rather than aligned.
Theultimatetensilestrength of thecorelayer, oy,
may be predicted asin [61]:

oyt = K (d/d) Vs + omVm (20

In this expression, K is a fiber efficiency
parameter, which depends on V; and o/ o, rétio.
Of course, its magnitude will be less than unity,
usualy intherange0.1t0 0.6. Inthe case of fibers
randomly and uniformly distributed within three
dimensionsinspace, thefiber efficiency parameter
was taken as 0.2. Therefore, the ultimate tensile
strength of the short-fiber-reinforced composites
(ouc) can be evaluated with following equation:

ouc =| (1 AWV +om(1-Vr ) | Ar /A +

(K(d / d)Vt +0mVim) (11)

The Equation 8 can aso be expressed in
terms of ultimate tensile strength of sandwich
molding, for the SFRPP40/PP and SFRPP20/PP,
as illustrated in Figure 17 (b), the oyc can be
calculated from following equation:

ouc =| (8 1 d\Vs +0mm(1-Vr ) | Agin/Ac +
(vam) Acore/ Ac (12)

whereAcoreand Agqinarethecross-sectional
area of skin and core materials, respectively.
Furthermore, in the case of SFRPP40/SFRPP20,
Figure 17(c), this equation can be employed as
given below

ouc =| (@ / Vs a0 + Orm(1-Viao) | Asin/ Ac +
| (@1 d)Vi20 + (1= Vi20) | Acore/ Ac +

(K(d 1 d)Vy20 + Vi) Ar/Ac (13)

By substituting the parameter data (Table
4) in Equation 11, 12 and 13 the theoretically
calculated results of UTSfor single and sandwich
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Table4 Valuesfor the calculations of theoretical ultimate tensile stress of short-glass-fiber-reinforced PP.

Source

Value
SFRPP20/PP PP/SFRPP20 SFRPP20 SFRPP20/SFRPP20 SFRPP40/PP  PP/SFRPP40 SFRPP40/SFRPP20 SFRPP40/SFRPP40  SFRPP40

Parameter

(60]
[62]

34

34
14.25

34
14.25

34
14.25

34
14.25
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14.25

34

14.25

34
14.25

34
14.25
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14.25
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molding (oyc) are produced, thesevaluesarealso
compared with the results obtained from
experimentsshowninFigure18. It canbeseenthat
thevaluesof UTSin both caseswere substantially
different, thepredictedtensilestrengthsarearound
1-2.5 times the measured values. The differences
in the UTS values may result from the theory did
not consider the effect of fiber breakage, which
appears to get worse with increasing the fiber
loading. A more redlistic estimation of UTS may
be achieved by using measured values for fiber
length within skin and core layers as presented in
Table5. Themeanfiber length of eachlayer for the
complete length (seven subdivisions) of the
compositepart hasbeen characterized statistically.
That is,

wherel,isthefiber lengthin eachlayersof
sectioned parts, j thenumber of subdivision, and n
is apopulation of the fiber length (ng > 500).

Further substitution of thefiber length into
Equation 11, 12 and 13 produced the corrected
theoretical dataasillustrated in Table 5, these are
much closer to the experimental values. However,
the corrected theoretical data are on the whole
higher thanthemeasured ones. Theoverestimation
of UTS values may result from some parameters
used in the calculation (t and K) were given by
variousindependent methodsfromliterature(Vishu
Shah, 1998). The conditions of the tests may be
different, which would lead to an error in the
calculation. Furthermore, the assumptions made
inthederivation of theaboveequationssuch asthe
uniform fiber alignment, flaw-free molding and
the assumption that the longitudinal and the
transverse layers both experience the same strain,
whereas these were unlikely to obtain in short-
fiber-reinforced thermoplastics.
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Table5 Mean glassfiber lengths for short-glass-fiber-reinforced polypropylene.

Sample Mean glass fiber length (um)

SFRPP20 (Core layer) 327.65
SFRPP20 (Skin layer) 333.04
SFRPPA0 (Core layer) 232.22
SFRPP40 (Skin layer) 184.38
SFRPP20/SFRPP20 (Core layer) 370.93
SFRPP20/SFRPP20 (Skin layer) 332.73
SFRPP40/SFRPP40 (Core layer) 210.95
SFRPP40/SFRPP40 (Skin layer) 183.15
SFRPP20/PP (Skin layer) 344.05
SFRPP40/PP (Skin layer) 190.68
PP/SFRPP20 (Core layer) 379.81
PP/SFRPPA0 (Core layer) 224.24
SFRPP40/SFRPP20 (Core layer) 373.68
SFRPP40/SFRPP20 (Skin layer) 193.19

Table6 Comparison of experimental, theoretical and corrected theoretical UTS for short-glass-fiber-
reinforced PP made by single and sandwich injection molding processes.

Specimens Maximum tensile stress (M Pa)
Experimental data Theoretical data Corrected theorectical data

SFRPP20/PP 45.38 72.68 57.11
SFRPP40/PP 52.16 116.85 55.14
PP/SFRPP20 48.19 87.88 72.23
PP/SFRPP40 51.33 157.59 81.61
SFRPP20 63.20 133.95 96.82
SFRPP20/SFRPP20 67.58 137.75 99.37
SFRPP40/SFRPP20 77.17 185.23 107.58
SFRPP40 81.29 222.30 93.54
SFRPP40/SFRPP40 85.49 247.00 101.42
CONCLUSIONS fibers within skin and core region. The results

show that the mechanical properties are strongly

A sandwich injection molding technique  dependent not only onthefiber concentration, but
wasemployedtoenhancethemechanical properties  also on the fiber orientation, the fiber length
of thermoplastic composites with respect to the  distribution, and the voids inside the part. It is
fiber orientationandtheorientation of short-glass-  thought that the slight discrepanciesin the results
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Figure 18 Comparison of experimental, theoretical, and corrected theoretical UTS of short-glass-fiber-

reinforced PP.

were due to the fiber breakage occurring which
depends on the mode of processing. The
theoretically calculated valuesof UTSwerefound
to be considerably higher than the experimental
results. However, a more realistic estimation of
UTScanbeachieved by using measured valuesfor
fiber length within skin and core layers.
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NOMENCLATURE
Symbol Meaning
fp average fiber orientation factor
fps average fiber orientation factor in the skin region
fpc average fiber orientation factor the core region
O; angle between the individual fibers and local flow direction
N(¢;) number of fibers with a certain angle to thelocal flow direction
%Al percentage of the differences between anumber-averagefiber length of pelletsand the
overall glassfiber length inside the molded part
g number-average fiber length inside the granule
lj local fiber length inside the individual layers of sectioned part
%AM; percentage of the differences between the local filler concentration of sectioned part
and the overall glass content inside the molded part
M; local filler content
Mot average total mass of specimen
mp weight of specimen prior to burning off
mg weight of the remaining glass
n number of sample
Fc total load sustained by the composite
FL load carried by longitudinal fibers
Fr load carried by transverse (or random) fibers
ouc ultimate tensile stress of composite material
ouL ultimate tensile strength of the skin layer
ouT ultimate tensile strength of the core layer
Ac total cross-sectional area of the composite
AL/Ac area fraction of skin region of the composite
AtlAc areafraction of core region of the composite
T interface shear strength of bondage between fiber and matrix
Om tensile strength of the matrix
\ fiber volume fraction
| mean length of the fiber
d diameter of the fiber
le critical fiber length
S tensile strength of glass fiber
K fiber efficiency parameter
Acore cross-sectional area of core material
Agiin cross-sectional area of skin material

fiber length in each layers of sectioned part
number of subdivision
population of the fiber length
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