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ABSTRACT KEYWORDS
This work reports the effect of particulate nano-sized talc on mechanical, Nylon-6;
rheological, thermal and morphological properties of nylon-6. Nano-talc Particulate nano-talc;
concentration was varied as 1, 2, 3, 4 and 5 phr in nylon-6. Crystallinity Thermal;
(XRD), tensile strength, tensilemodul us, flexural strength and flexural modu- Crystallinity;
luswere found to have increased by 422, 36.2, 169.8, 97.1 and 156.6% re- Rheol ogy.

spectively for 4 phr particul ate nano-tal c loaded nylon-6. Nano-talc seems
to increase the crystallinity of the nylon-6 matrix increasing its viscosity,
due to the better interaction between nylon-6 chains and nano-talc; as
evident from rheological properties. Nano-talc was observed to have formed
aggregates at 5 phr concentration, due to overloaded concentration, as
evident from scanning electron microscopy. Nano-talc, due to its particu-
late shape, must have got easily dispersed in the nylon-6, bringing about
uniform spreading of nano-talc in to nylon-6 matrix, increasing the above

mentioned properties.

INTRODUCTION

Nylon-6isoneof thelargely used engineering plas-
tics. Inorder toimproveits performance properties,
like strength, morphology, flameretardance etc, vari-
ousreinforcing agents have been used, in which nano-
clay takesthefrontier position mainly duetoitsbetter
compatibility, uncomplicated modificationsand easy ex-
foliation happeninginthenylon-6 matrix*12. Yoon et
al. prepared of nylon-6/clay fibresandinvestigated the
effect of annedling and drawing onthecrystal structure
and morphol ogy of the composite*®!. Dabrowski et d.
prepared akinetic model for the effect of heat on the
propertiesof pure nylon-6 and nylon-6 reinforced with
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nanoclay. Fornes et al. prepared nylon-6/clay
nanocomposite using different molecular wei ght matrix
polymer and observed increasein strength and viscos-
ity of the nanocompositewithincreasein both themo-
lecular wei ght of nylon-6 and the concentration of nano-
clay!®™™. Nanoparticlesof silica(toimprovestrength and
morphology)i618, graphite (electrically conducting
nanocomposite)*¥, carbon nanotubes (improving
strength and electrical conductivity) and silver (anti-
microbial activity)! had also been used to improve
the performance properties of nylon-6. Recently mi-
cro-sized talc hasbeentried asapotential reinforcing
materid for improving thestrength of nylon-6224 asa
substitutefor clay and silica. Nylon-6/talc nanocom-
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posite have been prepared, containing talc of higher
aspect ratio, by Maiti and Balamurugan®. Sakthivel
and Pitchmani synthes zed higher aspect ratio nano-9zed
tadcusing stirred bal mill and studied itseffect onthe
mechanical propertiesof nylon-612,

However, it israther surprising that no research
paper describes, the effect of particul ate (aspect ratio
~ 1) nano-talc ontherheol ogical, mechanica , morpho-
logical and therma propertiesof nylon-6. Accordingly,
inthis study, an attempt is made to understand the ef-
fect of particulate nano-sized talc on therheological,
morphological, mechanica and thermal propertiesof
nylon-6.

MATERIALSAND METHODS

Materials

Nylon-6 (NXE-01 NC) was obtained from Next
PolymersLtd., Mumbai, India. Nanosized Tal ¢ (par-
ticlesize: ~ 200 nm, specific surfacearea: ~ 50 m?/g)
was procured from Nippon Talc Co. Ltd., Osaka, Ja-
pan. Nano-Tal c was used as obtai ned without any pu-
rification or chemica modification or surfacetrestmen.
Finalux G3 (wetting agent) was obtained from Fine
OrganicsLtd, Mumbai, India. All materialswereused
asprocured, without any modification or treatment.

Methods

Dry blending of particul ate nano-tal c and nylon-6
was performed in atumbler mixer for 10 min, using
finalux G3 asthewetting agent. Prepared mix wasthen
melt blended in aco-rotating twin screw extruder (Lab
Tech Engineering Co. Ltd., Germany) having L/D ratio
of 32:1 and temperature profilefrom the hopper tothe
dieas165°C, 180°C, 190°C, 205°C, 215°C, 225°C,
235°C and 250°C. Extruded strands were water cooled
at 25°C and pelletized. Pellets were injection molded
after pre-drying at 80°C for 10 hrs. Injection molding
(Boolani MachineriesIndialtd, Mumbai, India) was
performed maintaining temperature profileas 210°C,
230°C and 250°C from the hopper to the ejection
nozzle. Standard ASTM (D638, D790 and D256)
samplesfor tensile, flexural and impact testing were
obtained frominjection molding. Samplesfor impact
testing were notch cut beforetesting. Theformulations
prepared areasshown inthe TABLE 1. Concentration

= Fyl] Poper
of particulate nano-talc wasvaried from 0 to 5 phr of
nylon-6, whileconcentration of wetting agent wasmain-
tained constant at 5 phr of nylon-6.

TABLE 1: Formulation of talc/ nylon-6 nanocomposites

Sr. Sample Nylon-6 Nano-Talc Wetting Agent

No. Name (gm) (phr, gm) (phr, gm)
1 NTO 500 0.0,0.0 5,25
2. NT1 500 1.0,5.0 5,25
3. NT2 500 2.0,10.0 5,25
4. NT3 500 3.0,15.0 5,25
5. NT4 500 4.0, 20.0 5,25
6. NT5 500 5.0, 25.0 5,25

Characterization and testing
(a) Mechanical properties

Tensle(tenglestrength, tensile modul us and per-
centage e ongation a maximum|oad) and flexura (flex-
ura strength and flexural modulus) propertiesweremea
sured at ambient condition using aUniversa Testing
Machine (LR-50K, LIoydsInstrument, UK), accord-
ingto ASTM procedures D638 and D790; at across-
head speed of 50 mm/min and 2.8 mm/min respec-
tively. The notch for impact test was madeusing amo-
torized notch-cutting machine (Polytest model 1, Ray
Ran, UK). Notched Izod impact strength was deter-
mined a ambient condition accordingtoASTM D256,
usingimpact tester (Avery Denison, UK) employinga
2.7Jgtriker, having striking velocity of 3.46 nv/s.

(b) Thermal properties

Differential Scanning Calorimetric (Q 100 DSC,
TA instrumentsLtd., India) characterization wasdone
toinvestigate the crystalization and melting behaviour
of the prepared nanocomposites. Two consecutive heet-
ing scanswere determined to minimizetheinfluence of
possibleresdud stressesinthemateria dueto any spe-
cificthermal history. Scanning rate of 10°C/min was
mai ntai ned for both heating and cooling cycle; whereas
nitrogen gas purge rate was maintained at 50 ml/min.
Meltingtemperature (T, ) wasdetermined from the sec-
ond heating scan, whilethe crystallization temperature
(T.) fromtheonly cooling scan. Crydtdlizationtimewas

calculated according to theequation 1.
Crystallization Time= (T -T..)/0 (1)
T\ = Onset crystallization temperature (°C); T . =

Offset crystd lizationtemperature (°C); 6 = cooling rate
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Percentage crystallinity for the clean nylon-6 and
tal¢/nyl on-6 nanocompositeswas determined accord-
ing to equation 2. Thereference enthal py of melting
(H_,) for nylon-6 was taken as 230.1°C!*".

Per centage crystallinity = (Hm/H_ )* 100 2
Hm = Enthalpy of melting for the prepared sample; H
= Enthapy of melting for the 100% crystalinenylon-6
(c) Rheological properties

Themelt viscosity was measured using rotational
rheometer (MCR101, Anton Paar, India) with parallel
plateassembly having diameter of 35 mm. Sampleswere
pre-dried beforeanadysis. Viscosty wasdetermined for
shear ratesfrom 0.01s? to 100s* at the constant tem-
peratureof 250°C. Loss modulus vs angular frequency,
Storage modulus vs angular frequency and damping
factor vsangular frequency were determinedinthean-
gular frequency rangefrom 0.5t0 500 s* at 250°C. To
determine the effect of time on the viscosity of the
samples, viscosity was determined by placing the
samples at shear rate of 1 s for 1000 sec. at thetem-
perature of 250°C.

(d) Morphological properties

Scanning Electron Microscope (SEM) analysis
was performed with JEOL 6380 LA (Japan) to ob-
servethedistribution of particul ate nano-talc particles

inthenylon-6 matrix. Sampleswerefractured under
liquid nitrogen to avoid any disturbance to the mo-
lecular structure and then coated with gold before
imaging.
(e) X-ray diffraction

The XRD andysiswascarried out to determinethe
percentage crystallinity of the prepared composite. A
normal focus copper x-ray tube was operated at 30
kV and 15mA. Sample scanningwasdonefrom 10°to
60° at the rate of 3°/min. The data processing was done
using Jade 6.0 software.

RESULTSAND DISCUSSION

X-ray diffraction

X-ray diffractograms obtained for particulate
nano-tal ¢ and nano-compositesare showninthe Fig-
ure 1; whereas percentage crystallinity values of the
nano-compositesarelisted in TABLE 2. It wasfound
that percentage crystalinity was highest for 4 phr nano-
talcloaded nylon-6; but decreased for 5 phr concen-
tration. Crystallinity of nano-talc was found to be
around 20%. Crystallinity of nylon-6 increased from
2.62% to about 13.7% for 4 phr loading of particu-
late nano-talcin nylon-6, whichisanincrediblein-
crease of about 422%.
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Figurel: X-ray diffractogramsobtained for nano-talc and nano-talc/nylon 6 composites
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TABLE 2: Crysallinity valuesobtained for nylon-6 and talc/
nylon-6 nano-compositesusing x-ray diffractometer

Sr. Sample Per centage
No. Name crystallinity (%)
1 NTO 2.62

2. NT1 2.95

3. NT2 7.67

4. NT3 9.64

5. NT4 13.74

6. NT5 10.81

7. Nano-Talc 20.09

Tacand nylon-6 both are hydrophilic materid, pro-
viding better compatibility between them. Particulate
nano-sized particlesprovidevery high surface compared
to sameweight or volumemicro-sized particles. Thus,
largesurfaceareais provided for interaction of nylon-6
withtac. Nano-talc actsasnucl eating agent in nylon-6.
Nylon-6 molecul es orient themselves over nano-talc,
decreasing therandom arrangement of nylon-6 and thus
increasingthecrystdlinity of thematerid. Withincrease
in concentration of nano-tal ¢, increased surfaceareais
provided by nano-tal ¢, increasing the nucl eating effect
and thusthecrystallinity of thematerial. But above4
phr concentration, nano-tal c forms aggregates (as con-
firmed through SEM andlysis) decreasing theeffective
surface area. Thisleadsto decreaseinthe number of
sitesavailablefor interaction of nylon-6 withtalc, de-
creasing the crystallinity of the material. Eventhough
aggregates areformed, thecrystallinity of 5 phr nano-
talcloaded nylon-6isstill higher than 3 phr nano-talc
loaded nylon-6.

M echanical properties

Mechanica propertiesliketensile strength, tensile
modul us, percentage d ongation a maximum|oad, flex-
urd strength, flexura modulus and impact strength ob-
tained for particul ate nano-ta ¢/nyl on-6 nanocomposites
are reported in TABLE 3. Tensile strength, tensile
modulus, flexural strength and flexural modulusin-
creased; whereas, percentage el ongation at maximum
load and impact strength decreased with increasein
concentration of particulatenano-talcin nylon-6.

Tenslestrength, tensilemodulus, flexura strength
and flexural moduluswerefound to haveincreased by
36.2, 169.8, 97.1 and 156.6% respectively for 4 phr
talcloaded nylon-6 nanocomposites. Theseincreases
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in propertiesareincredible compared to the concen-
tration of nano-talc added in nylon-6. Tensileand flex-
ural modulusvauesdwaysincreasesonaddition of filler
into the polymer matrix irrelevant of whether thefiller
and polymer are compatibleto each other, but itsthe
srength va ueswhich confirmstheinteraction happen-
ing between thefiller and polymer matrix. Tacand ny-
lon-6 both are hydrophilic material, thus have better
compatibility with each other. Thishel psin better dis-
persion of nano-talcin nylon-6. Also, the particul ate
szeof the nano-talc hel ped in better interpenetration of
nano-tac particulated into thenylon-6 matrix. Addition
of talcin nano-sized particles provideslarge surface
surfaceareafor interactionwith nylon-6 acting asnucle-
ating agent for nylon-6. Nylon-6 adheres onto the sur-
face of nano-talc, dueto better compatibility, increas-
ing theforcerequired to break the materid . Asthe con-
centration of nano-tacincreasedinnylon-6, morenano-
talc particlesbecame availablefor nylon-6 to interact
with. Thisincreasestheload handling capacity of the
composite. Butit wasfound that at 5 phr concentration
of nano-tal ¢ strength and modul us decreased. Thiswas
attributed to theformation of nano-tal c aggregates (as
confirmed through SEM analysis). Obtained strength
and modulusva ues strongly correlateswiththecrys-
tallinity values obtained for the nanocomposites.

TABLE 3: Mechanical propertiesobtained for nylon-6 and
talc/nylon-6 nano-composites

%E@

Tensile Tensile Impact Flexural Flexural

Ssg]n%e Strength Modulus maximum Strength Strength M odulus
(MPa)  (MPa) load (J/m) (MPa)  (MPa)
NTO  49.2 572.3 7.7 109.3 482 14207
NT1 531 889.9 7.0 90.2 62.3 21233
NT2 613 12389 6.7 85.3 80.8 27635
NT3 631 13232 6.3 83.6 835 2826.3
NT4 670 15438 19 63.0 95.0 36455
NT5 643 13974 53 875 89.6 32727

Modulusand percentaged ongation a maximum|oad
areinversely proportional to each other, whereasper-
centaged ongation at maximum|oad andimpact srength
aredirectly proportiona to each other. Addition of com-
patible nano-materid (particulate nano-tac) intonylon-
6increasad the stiffnessof thenano-compositemaking it
break at |ower el ongation, also decreas ng theimpact
strength. Tacisaninorganic materid. Being compatible
withnylon-6, it dispersesuniformly innylon-6. Whenthe
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nano-compositeiselongated in tensiletest or impact
loaded inimpact test, thesystem getsdisturbed and after
acertainleve, theinteraction between nylon-6 and nano-
talcishampered. Thiscreates stress-concentrate points
inthe system, which can aso beaprobablereasonfor,
decreas ng the percentage € ongation a maximum load
andimpact grengthwithincreasein concentration of nano-
tacinnylon-6.

Thermal properties
Heating and cooling scans of the nylon-6 and

particul ate nano-tal ¢/nylon-6 nanocomposites are
shownin Figure2 and Figure 3 respectively. TABLE
4 reports enthal py of melting, melting temperature,
enthapy of crystallization and crystalli zation tempera
ture values obtained for nylon-6 and talc/nylon-6
nanocomposites. Enthal py of melting and enthal py
of crystallization increased with increasein concen-
tration of nano-talcin nylon-6; whereas no signifi-
cant change was observed in the melting or cooling
temperature of the nylon-6 and tal c/nylon-6 nano-
composites.
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Figure 3: Cooling scan of nylon-6 and talc/nylon-6 nanocomposites
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TABLE 4: Thermal propertiesof nylon-6 and talc/nylon-6
nanocomposites

Sa Enthalpy of Melting Enthalpy of Crystallization

mple h R

Name melting temperature crystallization temperature

(J/9) (Y] (J/9) (Y]

NTO 59.39 225.05 57.21 196.53
NT1 60.85 22221 57.90 196.39
NT2 61.11 220.00 63.24 195.94
NT3 61.87 222.82 64.52 195.86
NT4 62.13 223.72 66.06 196.08
NTS 62.05 224.23 65.61 195.20

Better compatibility betweenta cand nylon-6 (both
being hydrophilic) led to avery good adhesion between
them. Nano-ta c acted asanucl eating agent in nylon-6
matrix, orienting nylon-6 moleculescloser toeach other.
Thishel pedin better and stronger packing of the poly-
mer molecules per unit volume of the composite, in-
creasing the crystallinity of the system. Aligned mol-
eculesled to stronger intermolecul ar forces of attrac-
tion, making it require higher energy to melt the struc-
ture by breaking the bonds. Thisled toincreaseinthe
entha py of melting. While, during coolingtheundigned
mol ecules got nucleated over nano-talc particles. This
nucl eation effect increased withincreasein concentra:
tion of nano-talcin nylon-6 matrix. Morenucleated the
nylon-6 becomes, moreisthe amount of energy the
moleculesrelease, increasing entha py of crystdlization.

It wasa so found that the percentage crystdlinity of
thenylon-6increased with addition of nano-talc(TABLE
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5). Thisprovesthe nucleating effect of nano-talc addi-
tion on nylon-6, due to which nylon-6 molecules got
oriented about nano-talc. Crystd lizationtimedecreased
with addition of nano-talcinnylon-6 (TABLEDS). Tac
being athermally conducting materia hel pedin better
transfer of heat from sampleto theatmosphere (instru-
ment cell or open atmospehere). Asthe concentration
of nano-talcinnylon-6 increased, therma conductivity
of the composite increased, making the composite
quickly releasetheabsorbed heat. Thiswill helpinap-
preciable decreasein the cooling timerequired for in-
jection molding, making the processeconomical after
nano-particlesaddition.

Rheological properties

Rheological properties of the prepared areillus-
tratedin Figures41t0 10. It wasobserved that the addition

TABLE 5: Percentage crystallinity and crystallization
timevaluesobtained for nylon-6 and talc/nylon-6 nano-
composites

Onset Offset
Sample Percentage Crystallization Crystallization Crystallization

1601

1401

1201 ¥

Name Crystallinity Temperature Temperature  Time(min)
(O (O
NTO 25.8 160.7 216.3 5.6
NT1 26.4 162.4 2134 51
NT2 26.6 165.0 212.6 4.7
NT3 26.9 165.9 211.3 4.5
NT4 27.1 166.7 2104 4.3
NT5 26.9 166.6 210.3 4.4
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Figure4: Graph of shear stressvsshear rateobtained for nylon-6 and talc/nylon-6 nanocomposites
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Figure5: Graph of viscosity vsshear rateobtained for nylon-6 and talc/nylon-6 nanocomposites
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of nano-talc had appreci able effect ontherheologica
propertiesof nylon-6.

Figure 4 is agraph of shear stress vs shear rate
obtained for filled and clean nylon-6. Shear stressin-
creased with increasein concentration of nano-talc. A
typical pattern was observed in the plot obtained for
shear stresswithincreasing shear rate. Shear stressin-
creased continuoudly upto ashear rate of about 22 s?
and then started decreasing. This can be seen happen-
ing for al the samples. The peak value of shear stress
increased with increasein concentration of nano-talc.
Also, the shear rate at which peak shear stress was
observed increased with increasein concentration on
nano-tacinnylon-6; which might have occurred dueto
the stiffnessinduced in nylon-6 by addition of nano-
talc. Thetypicd pattern might have occurred duetothe
destruction of intermolecul ar forces of attraction be-
tween nano-tal c and nylon-6, decreasing shear stress
after the shear rate of 22s. Thiscan prove beneficia
for proper and uniform distribution of nano-talcinthe
nylon-6 matrix during melt blending.

Figure5isagraph of viscosity vs shear rate ob-
tained for clean andfilled nylon-6. Viscosity increased
with increasein concentration of nano-talcin nylon-6.
Thiswasdueto the better interaction between nano-
talcand nylon-6. Viscosity decreased continuoudy with
increasein shear rate. Thisshowsthat the clean nylon-
6 aswdll asta ¢/nylon-6 nanocompositesare pseudo-
plagticin nature. It wasfound that viscogity of dl samples
became nearly same at higher shear rate particularly
after the shear rate of 10s™.

Figure 6 and 7 are graphs of storage modulusvs
angular frequency and loss modulus vs angular fre-

quency respectively. Both, lossmodulus and storage
modulusincreased withincreasein angular frequency,
theincrease wasfound to be highly gradua and con-
tinuous. Both, lossmodulus and storage modulusin-
creased with increasein concentration of nano-talcin
nylon-6, but it was seenthat therate of increasein stor-
agemoduluswashigher than that of lossmodulus. This
proves better interaction between nylon-6 and nano-
talc. Accordingly, damping factor decreased within-
creaseinangular frequency and concentration of nano-
talc. Complex viscosdty aso decreased withincreasein
damping factor (Figure 9). But the decreasein com-
plex viscosity becameless prominent with addition of
nano-talc.

Figure10illustratesthe effect of timeonthevis-
cosity of the prepared composites and clean nylon-6.
It can be seen that viscosity isnot much affected for
lower timevaluesfor al the compositions. But asthe
timeincreased, it wasfound to have profound effect on
theviscosity of the samples. Viscosity decreased con-
tinuoudly and steadily withincreaseintime. But, the
rate of decrease of viscosity decreased with theincrease
in concentration of nano-talcinnylon-6. Also, thevis-
cosity increased with increasein concentration of nano-
tacfor thesametime. This, doesagain provesthe bet-
ter interaction happening between nano-talc and ny-
lon-6. A very interesting behaviour wasobserved for 5
phr nano-talcloaded nylon-6. It wasfound that a lower
timeit showed higher viscosity than any lower concen-
tration of nano-talc, but at higher timesitsviscosity de-
creased more than NT4 and even NT3. This can be
attributed to theformation of nano-ta c aggregates, de-
creasing theeffective surface areaof bonding with ny-

—
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Figurel1l: SEM imageof 4 phr (a) and 5 phr (b) nano-talcfilled nylon-6
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lon-6, which not only decreased the particle-polymer
interaction but ad so generated stress concentrate points
inthecomposite.

Morphological properties

Figure 11 showsthe scanning e ectron micrographs
obtained for 4 phr (a) and 5 phr (b) nano-talc filled
nylon-6. Uniform distribution of nano-talc canbeseen
in4 phr loaded nylon-6, providing maximum possible
surface areafor interacting with nylon-6, giving opti-
mizedimprovement in mechanica properties. Wheress,
in’5 phr nano-tal cloaded nylon-6, aggregates are seen
of about 800 nmin size. Formation of aggregates de-
creased the effective surface of nano-talc to interact
with. Thiswasthereason for decreasein mechanical
propertiesfor 5 phr nano-tal ¢ loaded nylon-6.

CONCLUSION

Nylon-6/tal ¢ (particul ate shape) nanocomposites
were successfully prepared by varying the concentra-
tion of nano-talc. Crystdlinity, tensile strength, tensile
modulus, flexura strength, flexural modulus, enthalpy
of melting, enthal py of crystallization and viscosity in-
creased with increase in concentration of nano-talcin
nylon-6. Crystalinity (XRD), tensilestrength, tensile
modulus, flexura strength and flexural moduluswere
found to haveincreased by 422, 36.2, 169.8, 97.1 and
156.6% respectively for 4 phr talc loaded nylon-6
nanocomposites. Crystallization timesal so decreased
on addition of nano-talcin nylon-6. At 5 phr concen-
tration, nano-tal c formed aggregates, decreasing the
effective surfaceareafor bonding with nylon-6, asob-
served through SEM images.
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