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Abstract. The effect of nickel oxide (micro) addition on thermo-physical and mechanical properties of low density
polyethylene (LDPE) has been studied. The samples have been prepared by the melt mixing process. The X-ray diffraction
(XRD) and scanning electron microscopy (SEM) of the samples have been performed for micro-structural characterization
and surface morphology, respectively. The XRD result confirms that the crystallinity of LDPE is affected by NiO addition,
whereas the agglomeration of nickel oxide can be seen in the SEM photographs of LDPE samples having higher NiO loading.
The thermal stability of the samples has been checked from DSC and TGA analyses under nitrogen atmosphere. The thermal
stability of LDPE improves with the addition of a small amount of NiO particles. However, the peak melting temperature of
LDPE/NiO composites decreases due to the dispersion of nickel oxide in the LDPE matrix. Again, the thermal conductivity
of LDPE/NiO composites measured by a KD, prothermal analyser increases approximately two times for 40 wt.% of NiO
loaded LDPE composites. This increase in the thermal conductivity of LDPE may be explained on the basis of a model
based on particle size distribution. The coefficient of linear thermal expansion (CTE) of the samples has been measured
by a thermo-mechanical analyser as a function of temperature. The experimental value of CTE is well explained by taking
the inter-phase volume and interaction between the filler particles and matrix into account. The mechanical properties of
LDPE/NiO composites show an improvement with NiO addition and are explained in the light of various models and

correlations.
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1. Introduction

In recent years, polymer composites have drawn considerable
interest due to their high strength to weight ratio, ease of pro-
cessing, chemical inertness, good insulating properties and
low cost. The low dielectric constant and minimal circuit sig-
nal delay make the polymer one of the most popular materials
for electronic packaging. However, low thermal conductivity
and large coefficient of linear thermal expansion (CTE) are
certain disadvantages that restrict the use of polymers as elec-
tronic packaging materials. The miniaturization of electronic
circuits and devices leads to self-heating during their use at
high power and high frequency. This heat must be dissipated
quickly and efficiently to prevent the devices from fatal dam-
age [1]. Hence, to make polymers fit as electronic packaging
materials, their thermal conductivity, coefficient of thermal
expansion, thermal stability, mechanical strength, etc. must
be tailored.

The improvement in thermal and mechanical properties
of polymer composites depends on certain factors viz. type
of fillers, filler size, filler geometry, inter particle contact
and filler distribution in the matrix [2]. The addition of
appropriate fillers in the polymer matrix solves not only the
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thermal dissipation problem, but also the thermal mismatch
and mechanical properties related problems. Amongst the var-
ious types of fillers, metallic [3—5], carbon nano-tubes [6] and
graphene [7,8] are better candidates to improve the thermal
conductivity of polymers. However, due to its high electri-
cal conductivity, the polymer matrix filled with these fillers
is not suitable for electronic packaging materials. Under such
conditions, ceramic particle-based fillers are quite attractive
since they can provide the required thermal conductivity with-
out deteriorating their electrical insulation properties [9,10].
In this connection, Lu and Xu [11] reported that alumina
(Al,O3) dispersed in the polyurethane matrix increases its
thermal conductivity by five times. Agrawal et al [12] used
Si0; as the filler for the styrene butadiene rubber matrix
and observed a decrease in the thermal conductivity up to
10 vol.% of SiO, addition. However, at higher loading of
Si0, (~40 vol.% Si0,), the thermal conductivity increases
from 0.143 to 0.182 W m~'K~!. The discouraging result in
thermal conductivity may be attributed to the porosity, poor
wet out of filler or presence of moisture in bonding [12]. Wei-
denfeller et al [13] dispersed Fe;O4 in polypropylene (PP) and
polyamide (PA) and found that thermal conductivity of PP and
PA becomes 0.65 and 0.93 W m~! K~!, respectively, for 44
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and 47 vol.% of Fe; 0,4 addition. El-Brolossy and Ibrahim [14]
used ZnO and MnO as fillers in the polystyrene matrix and
reported an increase in the thermal conductivity with filler
concentration in both the cases. Bujard er al [15] studied
alumina-loaded epoxy composites for the moulding com-
pound, and their thermal conductivity was compared with that
of silica composites. Not only metal oxides and metal pow-
ders, but also metal nitrides and carbides play an important
role as fillers to improve the thermal conductivity of polymer
composites due to their high thermal conductivity, low dielec-
tric constant and low cost. Yunsheng et al [9] reported thermal
and dielectric properties of the PVDF/AIN system. In this
connection, the thermal conductivities of polystyrene/AIN
composites by Yu et al [16] and of HDPE/BN (micro and
nano) composites by Jinwoo et al [10] have been reported.
Their results show effective improvement in the thermal con-
ductivity of polymers. The mechanical, thermo-mechanical
and reprocessing behaviour of the biodegraded polymer
and wood flour has been studied by Morreale et al [17].
Their results indicate an improvement in rigidity and creep
resistance.

Again, due to low cost and frequency-independent dielec-
tric and excellent mechanical properties, low-density polyeth-
ylene (LDPE) is a widely used polymer. A thermo-gravimetric
study of MgO (nano) addition in LDPE indicates that the
presence of moisture influences the dc conduction and space
charge distribution in MgO/LDPE polymer composites [18].
Song et al [19] examined the structural, thermal, magnetic
and dielectric properties of LDPE filled with multiferroic bis-
muth ferrite (BiFeO3). In spite of shifting the diamagnetic
nature of LDPE into anti-ferromagnetic, they observed an
increase in dielectric permittivity and loss due to BiFeO3 addi-
tion. Recently, Marzouk et al [20] loaded agricultural waste,
date pits in LDPE and found an enhancement in the thermo-
mechanical properties of LDPE.

In summary, the addition of ceramic fillers in the polymer
is found to be promising for polymer composite-based elec-
tronic packaging materials due to the fact that they can provide
the required thermal conductivity without deteriorating their
electrical insulation properties. Additionally, due to their low
CTE and good mechanical properties, they can also solve the
problem of thermal mismatch and poor mechanical proper-
ties of the polymer matrix by improving them. However, to
date, good ceramic fillers that can fulfil the entire requirement
are still under investigation. In view of the above, the present
report has been undertaken to investigate the effect of NiO
(micro) particle addition on thermal conductivity, CTE and
mechanical properties of the LDPE matrix. The experimental
results have been further analysed and discussed in light of
various theoretical models and correlations.

2. Experimental

The samples of LDPE/NiO composites containing 0, 10,
20, 30 and 40 vol.% of NiO (micro) particles have been
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prepared by the melt mixing process. For this, the commercial
grade LDPE powder (density of 0.92 g cc™!) and NiO pow-
der (purity: 99.9%, size: ~5—10 pm and density: 6.67 g cc™!)
have been used as precursors. The appropriate amount of NiO
powder is first mixed with LDPE powder with the help of an
agate motor for ~30 min. The mixture is then added slowly
to a sufficient amount of xylene and heated at ~80°C. The
heating of the viscous fluid mixture with vigorous stirring con-
tinues for about 2 h until the solution becomes solidified. Here,
it is important to mention that the vigorous stirring ensures
the homogeneous distribution of NiO particles in the LDPE
matrix. After solidifying, the mixture is kept on slow heat for
5-6 h to evaporate xylene completely. The mixture is then
placed into a stainless steel die (dia. ¢ = 25 mm) for mould-
ing under a pressure of 3 tonne cm~2 at 120°C. The samples
for thermal conductivity and CTE measurement are moulded
in the form of a cylinder (length: 35 mm, dia.: 25 mm),
whereas for mechanical property measurement, rectangular
sheets (90 x 65 x 3 mm) are moulded in a temperature con-
trolled hot press under a pressure of 3.5 tonne cm ™2,

The microstructural characterization of LDPE/NiO com-
posites has been carried out by an XPERT-PRO diffractometer
(range: 10-90°; step size: 0.02) using a CuKa (A = 1.5406 A)
target. The surface morphology of the investigated samples is
determined by a scanning electron microscope (SEM, model:
PHILIPS XL-30/ESEM) operated with a beam voltage of
20 kV. The melting point of LDPE/NiO composites has been
estimated by a Perkin Elmer Pyris Diamond differential scan-
ning calorimeter (DSC) with a heating rate of 10°C min~! in
N, atmosphere. Thermogravimetric analysis (TGA) has been
performed to analyse the thermal stability of the sample by
monitoring the % change in weight of the sample with tem-
perature by using a Perkin Elmer DTA/TGA analyser.

The thermal conductivity of LDPE/NiO composites has
been measured by a KD, Pro analyser (model KD, Pro,
Decagon device Inc.) with an accuracy of £5%. This anal-
yser is based on the transient hot wire technique and is able to
measure thermal conductivity, diffusivity and volumetric spe-
cific heat simultaneously in a short measurement time. Details
about this method have been discussed elsewhere [2]. The
CTE measurement of the investigated samples is performed
by a Perkin Elmer Diamond thermo mechanical analyser. The
specimen (dimension ~5 x 5 x 5 mm) is heated between 30
and 80°C with a heating rate of 5°C min~' and the slope of the
thermal expansion vs. temperature curve is monitored to esti-
mate the CTE as a function of temperature. The tensile test of
the samples is carried out at room temperature by the univer-
sal testing machine (UTM) using dog bone-shaped samples
(gauge length: 20 mm).

3. Results and discussion

X-ray diffraction (XRD) patterns of pure and NiO-added
LDPE polymer composites are shown in figure 1. The peak
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matching of XRD patterns has been performed by X-pert High
score plus software. The diffraction pattern of pure LDPE
shows a single high intensity reflection at 26 = 21.35°.
However, the intensity of this peak is found to be decreased
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Figure 1. XRD pattern of LDPE/NiO composites.
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for NiO-added samples, which shows that the NiO addition
decreases the crystallinity of the LDPE polymer. Except this,
all the other peaks observed in NiO-added samples corre-
spond to the only NiO phase. This confirms the absence of
any chemical reaction between LDPE and NiO during com-
posite preparation.

Figure 2 represents some typical SEM photographs of pure
and NiO-loaded LDPE composites. The photographs show
a homogeneous distribution of NiO particles. However, for
samples having higher NiO concentration (>20 vol.%), a vari-
ation in the filler size may be noticed due to the agglomeration
of NiO particles.

The SEM morphology of the fracture surface of nickel
oxide-filled LDPE composites after the tensile test is shown
in figure 3. It can be seen that the surface morphology of
pure LDPE is relatively flat due to the uniform distribution
of stress throughout the cross-sectional area. This results
in a reduced stress concentration by absorbing the frac-
ture energy and hence the occurrence of slip deformation.
Again, the SEM photographs of the fractured surface of NiO-
added LDPE depict the appearance of filamentous fibres and
microcracks which increase with an increase in NiO concen-
tration in LDPE. The appearance of filamentous fibres and
microcracks initiates the roughness of the fractured surface

Figure 2. Typical SEM images of LDPE/NiO composites.
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Figure 4. DSC and TGA curves of LDPE/NiO composites.

due to stress concentration around the filler particles and
hence, leads to a decrease in fracture toughness.

The melting points and thermal stability of LDPE/NiO
composites have been monitored through DSC and TGA,
respectively. The DSC thermographs of LDPE/NiO com-
posites are shown in figure 4a. The melting temperature

determined from the DSC thermographs is listed in table 1 for
both pure and NiO-added LDPE. A marginal decrease in the
peak melting temperature is observed due to the dispersion of
NiO, which confirms the influence of NiO particles on LDPE
crystallinity [4]. Figure 4b represents % variation in the mass
of pure and NiO-added LDPE as a function of temperature
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Table 1. Peak melting points and temperatures at which samples
lose 5 (7s), 10 (T0) and 15% (T1s) of their original weights.

Peak melting point

Composites Tp,m(°C) s T Tis
LDPE pure 106.3 404 423 433
LDPE + 10 vol.% NiO 101.09 418 429 437
LDPE + 20 vol.% NiO 101.87 398 419 428
LDPE + 30 vol.% NiO 102.52 396 417 427
LDPE + 40 vol.% NiO 101.36 402 423 432
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Figure 5. The room temperature thermal conductivity of

LDPE/NiO cmposites fitted with the Maxwell and particle size
distribution model as a function of NiO volume fraction.

(TGA graph). The temperature at which the sample loses 5,
10 and 15% of its weight has been monitored and is listed
in table 1 as 75, Tyg and Tis, respectively. As is clear from
table 1, the thermal stability of LDPE increases for a low level
of NiO addition (up to 10 vol.%). However, a small decrease
in the thermal stability of LDPE/NiO composites can be seen
for high NiO concentration. This may happen because of the
clustering of NiO, which may cause an increase in energy
propagation [4].

The thermal transport behaviour (i.e., thermal conductivity)
of the pure and NiO-added LDPE composites has been studied
as a function of filler (NiO) concentration at room tempera-
ture. The thermal conductivity of LDPE (0.305 W m~! K1)
is found to increase with NiO concentration and reaches a
value of 0.608 Wm~! K~! (~2 times) for 40 vol.% NiO
added pellets as shown in figure 5. The increase in the ther-
mal conductivity may be explained on the basis of the heat
conduction mechanism through lattice vibration. Since the
propagating rate of thermal flow depends on the coupling
between the lattice vibrations of one atom with their adjacent
atoms, an increase in filler content increases the interaction
between the particles and hence, forms a thermal path [2].
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The experimental value of thermal conductivity of LDPE/
NiO composites has been analysed in light of various
theoretical models and empirical correlations applicable for
two component composites [21-28]. These models are based
on various parameters viz. filler size and shape, filler load-
ing, homogeneity of dispersed phase in the matrix, etc. The
applicability of these models for the two component system
has been discussed elaborately in different reports [29-31].
However, it has been noticed that most of the models fail
to explain the thermal conductivity variation of LDPE/NiO
composites.

The thermal conductivity of the LDPE/NiO system is well
explained by the effective particle size distribution model pro-
posed by Holotescu et al [28]. They observe that at lower
concentration, when there is no interaction between the filler
particles, all the randomly distributed particles are of similar
size, but the situation is quite different at higher concen-
tration where the potential around each filler is influenced
by the potential of others due to agglomeration and hence,
most of the analytical models fail to explain the experimen-
tally observed thermal conductivity of polymer composites
at higher filler concentration. To overcome this situation,
Holotescu er al [23] extended the analytical models by includ-
ing the effect of the filler particle size distribution law in their
equations. For this, they replaced the real system having uni-
formly distributed filler particles of different sizes with an
identical system made of same constituents in which equal
size filler particles having equivalent volume fraction (¢e)
are uniformly distributed. The volume fraction (¢.) can be
approximated by using the Rosin—Rammler distribution and
is expressed as:

T2 43/s) o
Y= T 12?1

where s is the shape parameter that defines the filler particle
size distribution law. The higher the value of the shape param-
eter, the smaller is the deviation between equivalent volume
fraction ¢, and actual volume fraction ¢, and for s = oo, ¢
and ¢, become equal. Therefore, the effective thermal con-
ductivity of the composite may be expressed as:

@

K = Km |:(2Km +Kf+2(/)e (Kf - Km))]

QK + Ky — ¢e (Kt — Kiy))

A combined plot of measured thermal conductivity data
along with those estimated with the help of the particle size
distribution model is shown in figure 5. The figure infers a
fair correspondence of the particle size distribution model
with experimental thermal conductivity data for y = 0.6647.
Again, if we compare the thermal conductivity value of
LDPE/NiO composites obtained from Maxwell and the par-
ticle size distribution model with the experimental result
(figure 5), we observe that at low filler concentration (<10
vol.%), in the absence of agglomeration, Maxwell’s model
gives the better approximation of thermal conductivity data as
compared to the particle size distribution model. On the other
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Figure 6. (a) Variation of the effective CTE as a function of NiO concentration at different temperatures for LDPE/NiO
composites, (b) validation of experimental results using relevant models and (c¢) variation of CTE of interface, NiO and

LDPE as a function of NiO volume fraction.

hand, at higher filler concentration (i.e., >10 vol.%), when
agglomeration and the thermal barrier due to the interface
surrounding the filler particles start dominating, the thermal
conductivity is explained well by the particle size distribution
model as the Maxwell model overestimates the experimental
result.

The variation of the CTE of the LDPE/NiO composites as a
function of NiO volume fraction is shown in figure 6a between
40 and 80°C. The CTE of all the investigated samples is found
to increase with an increase in temperature. On the other hand,
the increase in the NiO volume fraction causes a significant
decrease in the CTE of LDPE (figure 6a). This decrease in the
CTE of NiO-reinforced LDPE is due to the substantially low
CTE of NiO (~1 x 107 °C~!) as compared to pure LDPE
(~3.2 x 107 °C~!) at room temperature. Therefore, as we
move towards the higher filler concentration, the CTE of the
fillers starts playing a dominating role that causes an overall
decrease in the CTE of the composite (~33% for 40 vol.%
NiO-added LDPE at 40°C).

The effect of the filler concentration on the CTE of LDPE
is further analysed in the vicinity of different existing theo-
retical and empirical models [32-36] at 40°C. These models
and correlations are based on several factors such as bulk
modulus, shear modulus, Young’s modulus, interface between

filler particles, etc. of both the filler and matrix. The rule of
mixing (ROM) model considers that the filler and matrix
are expanding individually without hampering each other
[32]. The Turner model [33] assumes a uniform distribu-
tion of strain in the matrix and filler with negligible shear
deformation. Kerner [34] proposed the expression by con-
sidering isotropic and homogeneous distribution of spherical
filler particles wetted by a uniform layer of matrix. How-
ever, Blackburn [35] included the Poisson ratio and elastic
modulus of the constituent particles for predicting the effec-
tive CTE of the composite material. Here, it is important to
mention that the value of effective CTE estimated from all
the above models is far away from the experimental CTE
data.

Vo et al [36] argued that the CTE estimated by the ROM
model is always greater than the experimental value due to
the face that the ROM model does not include the interface
interaction, while the CTE estimated by the Turner model
is close to the CTE of the filler as the bulk modulus of the
filler is much larger than the matrix. Vo et al [36] accounted
for the interfacial volume surrounding the filler particles and
proposed an analytical model to explain the CTE of polymer
composites. According to them, the volume of the composite
(V.) is the sum of the respective volumes of the matrix (Vy,),
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Figure 7. (a) Stress—strain curve and (b) comparison of the experimental value of Young’s modulus of LDPE/NiO

with those estimated by the Mooney and Guth models.

filler (V) and interface Vi, [36] i.e.,

Ve = Vi + Vin + Vine. 3)

Here, Vi, includes the volume of the interface between the
matrix and filler and the filler—filler overlapping. Thus, the
final expression for an effective CTE is given by:

o= ————"—/|afer + o
1+ Kogrom 04T OmPm

+ Koprom (af + am) + Koprom K11,

where g = [(1 — ¢r) /(1 + Kogr)].

The terms K and K in the above expression are constants.
The value of K( depends on the strength of the matrix filler
interaction and varies with the filler shape, size and prepara-
tion conditions. On the other hand, K; shows the variation
of In K with respect to temperature and is related to oy as
given below:

“

it = K +of + oo — . (5)
Figure 6b represents the experimental CTE data along with
that estimated by Vo et al’s [36] model. It may be noted
that our experimental data are explained well by Vo ef al’s
model in the whole range of filler concentration. The values
of the fitting parameters Ky and K thus obtained are 8.90
and —1.04 x 1073, respectively. The high K, value shows
a strong interaction between the LDPE and NiO particles.
However, the value of K is further used to calculate the CTE
of the interface by using equation (5). The variation of &y,
with filler concentration along with the CTE of NiO («y)
and LDPE («,) is plotted in figure 6¢. The figure infers an
increase in the CTE of the interface with an increase in NiO
concentration, which confirms that the interface plays a dom-
inating role in determining the CTE of polymer composites.
Here, it is important to mention that the negative value of K

predicts the effective CTE to be smaller than that predicted
by the ROM model [36].

The addition of fillers in the polymer matrix leads to an
increase in the elastic energy due to the perturbation of stresses
and strains set up in the polymer composites [37]. To inves-
tigate the elastic properties of the LDPE/NiO composite as
a function of filler concentration, the tensile test of all the
investigated samples has been performed by the UTM at room
temperature. A typical stress strain curve is plotted in figure 7a
for different NiO concentrations. Young’s modulus, which is
defined as the ratio of stress to strain (stiffness) at the elastic
edge has been estimated from the stress strain curve and is
plotted as a function of NiO concentration (figure 7b). The
figure reveals an increase in Young’s modulus of LDPE with
NiO addition and may be explained on the basis of the higher
stiffness of the NiO particle [38].

Similar to thermal conductivity and the CTE, various
empirical or semi-empirical expressions have been proposed
to predict Young’s modulus of polymer composites [37—43].
These models are based on different assumptions. Einstein
[39] assumed the dilute suspension and perfect adhesion
between the spherical filler and matrix to derive an expres-
sion for Young’s modulus of polymer composites, while
Kerner [40] considered isotropic and homogeneous distri-
bution of spherical filler particles surrounded by a uniform
layer of the matrix. Nielsen [41] modified the Halpin and
Tsai model, and derived a semi-empirical expression con-
taining the factors related to particle shape, orientation and
type of packing. Counto [42] proposed a simple model for the
polymer composite by assuming perfect bonding between the
filler and matrix. Here, it is important to mention that most
of the models discussed above are far behind the experimen-
tal result. Both Mooney [43] and Guth [37] further modified
the Einstein model by considering the interaction between
particles. Mooney [43] introduced a crowding factor term
(s), which is the ratio of apparent volume occupied by the
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Figure 8. Variation of (a) tensile strength; (b) toughness and (¢) percentage elongation at break of LDPE/NiO com-

posites as a function of NiO concentration.

filler to its own true volume and derived expressions for
both spherical and non-spherical filler particles. On the other
hand, Guth modified Einstein’s expression by assuming that
at a higher concentration, the elastic Young’s modulus of
polymer composites is not a linear function of filler concen-
tration (¢), but can be expressed by a power series in ¢ as
below:

E=Em(1+a1<p+ot2g02+a3<p3+-~-), (6)

where the coefficients «;, a,, a3, etc. are numerical factors
and depend on the shape and interaction between the filler
particles viz., for spherical particles «; = 2.5 and repre-
sent independent action of filler particles (up to 10 vol.%
of filler concentration), while at higher concentration, «,, o3,
oy, etc. represent the mutual interaction among pairs, triplets
and quadruplets of filler particles, respectively. Guth and Gold
[44] used the method of images in electrostatics to compute
the interaction coefficient o, when a pair of filler particles
mutually interacts (doublet interaction) and, in the case of
spherical shape particles, the computed value of «, is found
to be 14.1. Thus, considering the doublet interaction, Guth

and Gold [44] proposed the following expression for Young’s
modulus:

E = En (1 +2.5¢ + 14.1¢%). (7)
It may be noticed from figure 7b that the value of Young’s
modulus calculated by using the above expression gives some
better estimation of the experimental results as compared to
the Mooney model. Furthermore, as the analysis of thermal
conductivity and CTE data reveal the agglomeration of filler
particles, we have included the term corresponding to triplet
interaction in equation (7) as expressed below:

E=Eyn(14+25¢+14.1¢* + a39%). (®)
The above expression, when fitted with experimental data,
gives a fair correspondence for the o3 value equal to ~6.5
(figure 7b) and hence, validate the agglomeration of NiO par-
ticles in the LDPE matrix.

For tensile strength analysis of LDPE/NiO composites, the
maximum stress borne by the samples during the tensile test
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has been estimated from the stress—strain curve. A plot of
tensile strength is plotted in figure 8a as a function of NiO
filler concentration. The curve shows a decrease in tensile
strength at low filler concentration, but after that, it starts
increasing. This is because at low filler loading, when samples
are stretched, the stress concentration occurs around the filler
particles. At higher loading, the nickel oxide particles get
agglomerated and increase mutual interaction between filler
particles. This gives rise to an increase in the tensile strength
of polymer composites.

The ductility/brittleness of NiO-filled LDPE composites
has been investigated by measuring the variation in tough-
ness and percentage elongation at break of LDPE due to NiO
addition. Here, it is important to mention that the toughness is
the ability of a material to absorb energy to deform plastically
and is measured by the area under the stress—strain curve. On
the other hand, elongation at break is the ratio of the maxi-
mum increase in the length of the sample during the tensile
test to its initial length. Figure 8b and c represents the vari-
ation in toughness and % elongation at break of LDPE/NiO
composites as a function of NiO fraction, respectively. Both
show a first order exponential decrease with an increase in
NiO concentration, which indicates that the addition of nickel
oxide decreases the ductility and increases the brittleness of
LDPE [3].

4. Conclusions

Thermo-physical and mechanical properties of LDPE/NiO
composites prepared by the melt mixing process are presented
as a function of temperature and NiO volume concentration.
The XRD pattern confirms a reduction in the crystallinity
of LDPE by NiO addition. However, the different sized
agglomerations can be seen in SEM micrographs of samples
having high NiO concentration. On the other hand, the SEM
photographs of the fractured surface reveal uniform distribu-
tion of stress throughout the whole cross-sectional area for
pure LDPE, while the stress is concentrated around the NiO
particles in NiO-added LDPE. The TGA analysis confirms
an improvement in the thermal stability of LDPE due to NiO
addition, whereas the dispersion of NiO particles in the LDPE
matrix reduces the peak melting temperature of LDPE by
5°C as confirmed by the DSC thermograph. The room tem-
perature thermal conductivity is found to be increased from
0.305 t0 0.608 W m~' K~' (~2 times) for LDPE added with
40 wt.% NiO and is well explained in the vicinity of a the-
oretical model based on the particle size distribution in the
polymer matrix. The CTE of LDPE at 40°C (~107>°C~")
decreases considerably with NiO addition (~33% for
40 vol.% NiO-added LDPE composites), and is interpreted
by considering the presence of inter-phase volume as well as
the interaction between the filler particles and matrix. Again,
more than four times improvement in Young’s modulus of
LDPE has been observed for 40 wt.% NiO addition and is
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explained by assuming the doublet and triplet interactions
between the filler particles. However, the toughness and duc-
tility of LDPE show a first-order exponential decrease with
NiO addition.
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