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ABSTRACT

Long fitve reinforced thermeplastics (LFAT) 1s a recent dovelgspment in newer tochndlogies where themopiastic
matesial s direclly compounded with glass fibre roving and then molded. There is tremendous scope of the
LERT composite i the aulomolive and other engineening applications. This study deals with the developrment
and analysis of injection molded long giass fibre reinforced polyamide 6 composites. Glass fibre roving was
impregnated vith pofvamide & in a single screw extruder using speciaily designed dis. The impregnated strands
ware chopped inlo peflets of different lengihs, The pellets were injection molued io get long fibre-reinforced
pelyanude composite and its mechanical properties were analyzed, Interfacial shear strength between glass
fibres and polyaande malnx was studied. Morphological analysis was carried out to find out the fibre length
distriliunhen in the iyection molded composite. -As the libre length increased, the tensile and fexueal propedies
werg mproved up to S inial giass fibre leagih lollowed by decresse in properlies at higher initial glass fibre
fengih, Impact strength increased with increase in glass fibre length, The average fibre length in the imgregnated
hore compasiles was greater than the crilical fibre length. The frequency of the fibres was found lo be increased
Aas the compasile spstem traveled more distance from the gate while injection malding composite samples. The
average fifve lenglh after injeclion molding of the LFRT composite with 8 mm inifial fibre l2ngth was found fo be
move than the average libre length of compesites with 3 mm, & mm and 12 mm nitial fitiee length, Moreovar, the
average fibre leaglh in the injection-molded composite is greater than the critical fitre length.
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1. INTRODUCTION

Composiles are classified as short and long fibre compaosites in terms of aspect ratio of fibres, which s
the length 1o diameter ratio of the fire present in the matrix. If the aspect ratio of the fibre in the composiie is
greater than 100, it is considered as Long Fibre composite. This long fibre compesite may be utilized to design
paris thal require extra sirength and stiffness.

iHomason |1, 2] studied the mechanical properties and residual fibre length distributions of glass fibre
reiniorced polyamide 6, €. Richad [3] investigated the methods of making continuous length reinforced plastic
articles. The continuous glass fibre composites were prepared using the single screw extruder and a crosshead
die which facilitated impregnation of the glass fibre to develop 20 profiles with dasired cross sectional shape.
Bailey el. al [4] investigated the processing and property characteristics for lang glass fibre reinforced polyamide.
Fibre attrition was enhanced by the backpressure during injection molding. Peogretti el. al, [5] investigated the
interfacial properties between E-glass fibres with different commercial sizing on model compasites with polyamide
& matrix. Interfacial shear strength was determined using the single fibre fragmentation tesl. O'Regan and Akay
[6] studied the distribution of fibre lengths in injection molded polyamide compasite components. The fibre
length distribulion exhibiled parlicular sensitivity to nozzie arrangement, mold geomelry, position within the molding
and fibre content. The use of hydraulic shut-off nozzle led to increased fibre breakage above a standard riozzle;
this was due to a combination of nozzle design and reduced dimensions. Additional fibre attrition eccurred when
the gaie dimensions were decreased. Hassan et al [7, 8] studied the tensile, impact and fibre length properties
of injection-molded short and long glass fibre-reinforced polyamide 6, 6 composites. Extrusion and pultrusion
methods were employed for the melt compeunding of polymer composile leedstock for injection molding and
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produced short and fong fibre composites (SFCs and LFCs), respectively. Both tensile sirenglh and lensile
modulus of LFCs improved compared to the SECs counierpart despite reduction in fracture strain, while pultrusion
compounded composites showed superor fibre charactenstics, in terms of fibre length distribution compared 1o
the exirusion compounded composile counterpart [9-12]. Detailed study of fibre length distnbuticns in injection
molded long fibre composites [13-16] decided the pracess parameters for injection molding.

The aim of the present waork is to study the eflect of the initial glass fibre length on the mechanical
properties of the injection moldad leng fibre reinforced polyamide 6 composites. The glass libre rovings were
impregnated with the polyamide 6 malt in the specially designed radial impregnation die attached fo a single
screw extruder. The LFRT composite products were developed from the naat potyamide B and the impregnated
strands were palletized at different lengths for injecticn molding. These long fibre paliets has the fibre lengtk
equal to ihe pellet length such as 3, 6, 9 and 12 mm, Mechanical and morphological properties were evaluated
and correlated wilth the fibre length distribution. Adhesion between Ihe glass fibre and the thermoplastic melt
was siudied by interfacial shear strength. This study aids in finding cut the critical fibre length of composiles.

2. EXPERIMENTAL

2.1 Materials

The Polyamide 6 matrix used was Gujlon M28 RC having melt flow index of 28 supalied by M/s. Gujarat
State Fertilisers & Chemicals Limited, Vadodara, India and the continuaus glass fibre roving {ROZ9968E) with 10
microns fibre diameter and 2400 tex having silane coupling agent was obtained from M/s. Saint Gobain,
Hyderzbad, India as the reinforcement for the COMpesie spacimen preparation.

2.2 Processing

The continuous glass fibre rovings were. impregnated with polyamide 6 using kiockner Windsor made
single screw extruder having L/D ratio of 24:1 and screw diameter of 30 mm. The process of impregnation s
carried out as shown in the Figure 1. A specially designed radial impregnation die was usad to better disperse
the glass fibres in the thermoplastic mell. The die has been designed considering several laclors like residence
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Figure 1 : Process of impregnation in Single Screw Extruder
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nime, libre lension and spreadabiiity of the glass fibres. The temperature profile of 210 — 240°C and the screw
speed 20 rpm were maintained, The impregnated strands were pelletized at different fenglhs such as 3mm, &
mim, @ mm and 12 mm ysing vertical milling cum slotting machine. The pellet length eqguals the fitire langth- The
L&T Demag maoe injEl:!iﬂn.—muldtng machina (Model LNC 4P) was used to prepare the long hbre reinforced
polyamide B (LFPA) compasite speamens. LFPA cormposiles were prepared using all Tour differemt sizes of
chopped pellets Le. 3, 6,9 and 12 mm 2t 5, 10 and 15w% of glass libres, The femperature profile was 210 1o
260°C and the screw speed was 110 rom.

2.3 Determination:of fibre weight and fibre length

The flexural tesl specimen was divided in three equal portions as mentioned in Figure 2 for determining
the plass fitre content in injection molded composite. The portion | selecled was the nearest portion from the
naie. The porion N is the farthest portion from the gate of the injection molded compasite sample, These three
portians were separately dissolved in the concentrated formic zoid for eighl hours at room temperature. Then
the separated glass fibres were collgcled after filtration and deying. The weight of all the theee portions was
measyred,

Gate location
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Figure 2 : Gigss liber weight fraction (%) determined Trom fexoral test sample

Fibre length in injection molded lang fibre compoesitas are determined by dissolution technique. LFPA
compesie samples were cut from the injection moldad flexural test specimens for dissolution technique. The
specimens were dissolved in concentrated formic acid in the conical flask for eight hours at room temperature.
Ihen the separated glass fibres were collected alter filtration and drying: The fibre length distribution (FLD) was
determingd for various samples using optical microscope with & magnification of 10X,

2.4 Evaluation of properties

The losipescu test specimens were prepared by injection melding for the Interfacial Shear Strength
(IFS5) testing. The universal testing machine was used 1o 1es1 IS5 at the crosshead rate of Smm/min. as per
ASTM D 5279. In this lest double-edged nolched specimen was subjected to two opposing force couples. The
main advantage of this test is that a large region of uniform shear is oblained like other tests for compasite
materials. The stress concentration is propofional to the fibre orientation and the fibre volume fraction. The
lensile properties were tested on Zwick 7010 Universal testing machine al test speed of 20 mm/min al room
temperaiure as per ASTM D 638, The flexural properties were also tested using the same Zwick 2010 Universal
testing machine at test speed of 10 mm/min as per ASTM D 790. The lzod impact testing was carried on RESIL
Impactor (make: CEAST, Germany) as par ASTM D 256




Studies vn Long Glass Fiber Reinforced Polvarmide-6 Comgosies 617

3. AESULTS AND DISCUSSION
3.1 Mechanical properties

Figures 3 and 4 show the effect of fibre length on the tensile strength and tensile modulus respectively of
the injection molded samples (LFPA-3, LFPA-G, LFPA-9 and LFPA-12) containing difierent initial finre lengths
such as 3, 6, 9 and 12 mm at difierent fibre content (5, 10, 15 and 20 wi%e). As fibre content increased, the
tensile propedies increased linearly by 20%. As fibre length was increased, the tensile sirength and tensile
modulus values were increased by an average of 7-2 %. The tensile strength vaiue of neat polvamide 6 was
measured as 49.4 MPa. There was very little improvement in the tensile sireng:h value in case of 5wl with the
initial fibre length. In case of 10w!% composite, the increase in tensile strength value of the compesite with 3mm
initial fibre length was 40% compared to that of neat polyamide 6. Cniy 6% improvement in the tensile strength
of LFPA-6 sample (LFPA composite having 6 mm initial fibre length) was observed compared to that of LEPA-2
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Figure 3 : Tensile strengih of LFPA composites
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Figure 4 : Tensile modulus of LFPA composites
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sample [LFPA composite naving 2 mm initial fibre fength). There was marainal improvement with fibre lenagth
upto § mm and then decreased slightly on futther increase of fibre length. It s evident from the figure 4 that
there has been 30% improvemant in the value of tensile modulus of comgosite with 5 wi% glzss libras of 3mm
initial length comparea to that of neal polyamide 6 and then there was marginzl changes in the valug on funher
increase of the fibre length. There is gooed improvement in ihe value of tensia modulus in case of lgher wi®s
(10, 15 and 20} of glass fibres. The tensile modulus value of the composite of 20 wi% glass hibres with 9 mm
initial fibre length is 48% higher than the composite of 5 wi%: glass libres with same 9 mm initial fibre length

Figures 5 and 6 show the effect of fibre length on the flexural strength and Hexural modulus respectively
of the injection molded samples (LFPA-3, LFPA-5, LFPA-9 and LFPA-12) containing difierent Initial fibre lengths
such as 3. 6, 9 and 12 mm al difierent fibre content {5, 10, 153 and 20 wi%s). As fibre content increased, flexural
strength increased linsarly by 15-18%. As fibre lengih increased Hlexural strength and llexural modulus values
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Figure 5 : Flexural strength of LFPA composiles
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Figure & : Flexural modulus of LFPA composiles
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were increased by an average of 8% The flexural strength vatue of ngst polvemide & was measured as 61,7
MPa. There was linear improverment in the flexural strength value ir rase of & wive updo & mmomitizl tibee length
and decreased on further ingrease in the fire length, In case of 10 wis componita, the incraase in fexueal
strength value ol LFPA-6 was 10% compared to thal of LFPA-Z. It 15 evident from the foure Bhat there wae
45% improvernent in the value of tlexural modulus of LFPA-2 eomprsite with 5 wits glass fibres compared to
that of neat polyamide 6 and then there were margingl changes In the value on turther increase of the fibre
lergth. There was significant improvement in the value of Bexural medulus 1 cass of highee wit (1, 15 and
=0) of glass fibres. The improvement in the llexural sirength ard the Yexursl moculus value of he LFPA-g
composile with 20wi% glass fibres was found 10 be higher by BJ% ang 55%: sgspectively than those of the
LFPA-2 with Swi% glass fibres.

Figure 7 shows the effect of fibre length on the impar! strength of the ijection moided samples (LFPA-
3, LFPA-B, LFPA-2 and LFPA-12} containing diterent mitizl libre lengihs such 25 2 6. 3 and 12 mm at dillerent
fibre contenis (5, 10, 15 and 20 wi%). As libie content increased, fhe impact etrengih value of neat polyamide 6
1531.8 MPa. It is evident from the Figure 7 thal there was 150 improvement 10 the yalpe of impac! strength o
LFFA-2 composile with Swi% glass Tibres compared 1o that of neat pelyamide & and then there wete marging!
changes in the value on further increase of the fibre lengtn. In case of 20 wis composite, the increase n impact
strengtiv value of LFPAG and LFPASD were found ta bie 19% and 5% compared o that of LFPA-3 The
impravement in 1he impact strength value af the LFPA-8 composiie with 20 »i4%: gless hbres was tound - e
higher by 110% than that of the LFPA-S with 5 wi% glass libses.
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Figure 7 : Impact sirength of LFPA composiles

3.2 Interfacial shear strength

The interfacial bonds created by silane or other coupling agents improve interfacial shear strer  ga that
it can allow a better shear stress transier between fibre and matrix, which in turn improves the faily =trength.
It e interfacial shear strength is high, then the value of critical fibre length decreases, which is favar e for the
process like injection molding where high shear s applied to the material and there are ample char 35 of fibire
attrition, The interfacial shear strength is important 1o find out the critical fibre lengh. The mean bre shear
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siress measured from the losipescu test was 41.82 MPa. The critcal tibre length |_can be given by

. _Gﬂa’f N
= . {1}
L 2

LT

where, o, is fibre tensile strength, d is diameter of fibre and < s iriterlacial shear stiess

Using equation (1), the critical fibre lzngth was caloulated as 0.7 mm. H mazn libre length inthe composite
product is greator than five times the critical fibre length, then approximatal W 20% ol the ultirnate Nbre strangth
can be achieved in the composile produci [17].

3.3 Fibre weight determination

Figure 2 also shows the weight fraction of fibres (in %) in the three portions of injection molded flexural
test sample. The poriion | is the nearest portion from the gale 25 shown in F igure 2. The portion lit s the tarthes)
podion from the gate ol the injection molded composite sample. The wenghl of fibres n the porion 1l is more
thazn the weight of tibres in the portion | and sunilarly the weight of fibtes in the portion 11l is more than the weight
of fibres of portion 1. %t was observed that the concenteation of fibres increased with the distance from the gate
of the injection malded samples. This may be due to the higher density of glass libres compared to thal of nea
polyamide &,

3.4 Fibre length distribution (FLD)

Fitwe length distribution of composite samples (LFPA-3, LFFA-5. LFPA-G and LFPA-1 12) containing differem
initial biore lengths such as 3, 6, 9 and 12 mm at 15w1% fibre conteris was as chown in the Fiaure 8 The mean
fibre length in the injection molded composite increases with increase in the intial libre lenglh as menhioned in
the Table 1. In case of 12 mm initial fibre length, the fibres are scattered in the wide range of fibre length, The
average fibre length of LFPA-12 composile is almost equal 1o the average fibre length of LFPA-6 composite.
Mare than 2mm of the fibre length was not measurable due to equinmeni canstraints, However, the fibres with
length more than 2mm were less than 10%,
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Figure 8 : Fiber length distribution of various composite samples
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Table 1. Mean fiber length of injection molded LFRT composite

Initial fiber length

{mim) 3 £ 3 12
Mean fiber length after molding
{rrim) 0.743 1L.O26 LA 1050

3.5 Microscopy studies

The continuous impregnated roving and the injecton molded tensile lest samples were chilled in the
liguid nitragen and cryoegenic fracture was carried out 1o get the SEM test samples. The SEM was carried oul on
Cambridge 54-10 Stereo Scan microscepe al lower as well as higher magnitication to study the distribution of
libres i the product and the welling ability of the fibres with the matrix SEM micrographs of polyamide melt
impregnated glass fibre roving at higher and lower magnification are shown in the Figure 9. These miciographs
reveal thal the inter-filre spacings are lound 10 be considerably hilled wih polyamide malt. The fibras remaining
in the penphery of the roving are wetted completely by Polvamide melt. This may be due to the use of spacially
designed radial impregnation die for impregnating the fibre roving. The tibres in the caniral region of the roving
are partially welted by the polyamide mell because of the lesser inter diffusion of the poiyemide mell fram the
crrcumterential region towands the centre.

Figure 9 : SEM micrographs of extruded strands of Polyamide 6 impregnated glass fiber roving at
(2) higher magnification [1400 ¥] and (b) lower magnification [S00 X]

Figure 10 show the SEM micrographs of injection malded glass fibre reinforced polyamide composite
sample with 20wi% glass fibres with 9mm initial fibre length. The low magnification micrograph revealed that
there was belter distribution of tibres throughout the cross section of the sample. Since the libres are coated
with amino silane coupling agent on their surface, a better wetting of the glass fibres is observed. Due to this
reason, very lew fibres were pulled-out from the matrix during fracture, This may be due to the better mixing
action and shear onto the fibres and the matrix during injection meolding.
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Figure 10 ; SEM micrographs al LFPA-% composie with 20wt of olass libors al
2] higher magnitication [1400 i and (b} lower magmibcaton |500 X

4. CONCLUSION

The Polyamnide 6 impregnated continuous giess fibre roving was developed on the single screw extruder
with the specially designed die. The processing of impregnated glass fibre palleis with nea: Polyamide & in
various proporions was carried oul on imection motding machine 1o develop long fibre reinforcad thermoplasic
composites. With the increase in fibre content, the tensile. fllexural and impact properies ol mjection moloed
long fibre polyamide 6 compeosite samiples improved. Al & constant fitre loading, the tensile and exural properties
improve significantly with increase in fibre leagth upto 8 mm. The impact strangth of the composile with 20 wiS
glass fibre with .8 mm initial fibre length was found fo be fve times than thal of the neal polyamide 6, The
intertacial shear strength of the glass fibre reinforced potyamide & composite sample was measured by losipescy
shear test to determine the critical fibre length which was 0.7 mm, if wae ohserve ihat the average fibre length
in injection molded LFPA composite was greater than the critical fibre length and the composite with 8 mm initial
fibre length showed highest value of average fibre length after molding. The concentration of the fibres increased
with the distance from the gate in the injection molded composile samples.
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