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Abstract: In the present research work, the needle-punched nonwoven jute epoxy composites are fabricated by varying the
weight percentages of sponge iron slag in vacuum assisted resin transfer molding technique. This study examines the
physical, mechanical and thermomechanical properties (i.e., density, water absorption, tensile, flexural, inter-laminar shear
strength, compression, impact, fracture toughness and dynamic mechanical analysis) of unfilled and 8 wt.%, 16 wt.% and
24 wt.% of sponge iron slag filled composites under controlled operating conditions. Moreover, it is shown that all the
mechanical properties improved with the increased in sponge iron slag content except for tensile strength which increased
only upto 16 wt.%. This study also attempted for the analysis of thermal conductivity of the unfilled and particulate filled
composites in experimentally by hot disc method. This work also presents both existing empirical models and numerical
simulation analysis to evaluate the thermal conductivity of the developed composites. The numerical simulation values of the
thermal conductivity demonstrated good agreement with the experimental values. At the end, Cole-Cole plot is drawn
between loss modulus and storage modulus to understand the nature of the proposed composites.
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Introduction

In the present era, there is a need for advanced materials
that have low impact on the environment and possess good
strength. Therefore, eco-friendly materials derived from the
natural sources forced to draw the attention of many
researchers in the direction of green materials which can
replace the synthetic fibers in fiber-reinforced polymer
composites for industrial applications [1,2]. The use of
natural fiber composites has increased from the last few
years due to its biodegradability, low cost, high specific
strength and stiffness characteristics [3]. Natural fiber-
reinforced polymer composite has various applications in
almost all engineering sectors [4]. Hence, jute fiber seems to
be a popular fiber among all the natural reinforcement
materials because it is relatively cheap, commercially
available in the required from and like other natural fiber it
offers many advantages such as biodegradable, moderate
mechanical features which make it better alternative of
synthesis fiber [5]. Gupta [6] investigated the dynamic
mechanical properties of jute/epoxy composite by varying
the fiber loading from 10 to 40 wt.% prepared by hand-layup
technique at 1, 2, 5 and 10 Hz frequency. Results concluded
that the variation in frequency has a noteworthy effect on the
DMA of the fabricated composites and load-bearing
capacity is directly proportional to the fiber loading. The
dynamic mechanical characteristics of the hybrid composite
were prepared by varying the different percentages of jute
and sisal fiber. It was observed that 50-50 wt.% of Jute and
sisal fiber composite (J50S50) depicts excellent fiber-matrix
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adhesion [5]. Mechanical characterization of three different
types of natural fiber (jute, hemp and flax) composite has
been studied by Chaudhary et al. [7]. Improved tensile
strength (58.59 MPa) were attained by hybrid composite
(jute, flax and hemp epoxy composite) whereas jute, hemp-
epoxy composites reported enhanced in flexural strength
(86.6 MPa).

Regardless of numerous benefits, natural fibers have
higher water absorption ability because of its hydrophilic
nature which results in poor interfacial bonding and
ultimately the properties composite was decreased [8,9]. The
surface treatment processes of the natural fiber, such as
alkaline, and silane treatment as per literature increased the
interference bonding as well as decreased the water sorption
competence [10]. Karabulut er al. [11] have studied the
effect of surface modification with 5, 10 and 15 wt.% alkali
solution on woven jute laminate composites. The modification
process and matrix materials were significantly affect the
mechanical properties of the jute laminate composites.
Effect of surface treatment using sodium hydroxide (NaOH)
and Maleic anhydride-grafted polypropylene (MPP) on the
mechanical properties of the jute fiber/PP composite was
studied by Liu and Dai [10]. They observed that the
treatment of the fiber helps in to improve the mechanical
properties of the composite significantly. Among all these
treatment process, alkali treatment by using sodium hydroxide
aqueous solution was effective and easy [12].

The addition of filler in the natural fiber reinforced
polymer composite was considered to improve the physical
and mechanical properties of the hybrid composites [13-15].
Various studies have shown the significant effect of filler on
the physical, mechanical, thermal and thermomechanical
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properties of the natural fiber reinforced polymer composites.
Number of organic and inorganic filler materials like red
mud, granite powder, marble dust, cement by-pass dust
(CBPD), blast furnace slag, Al,O;, SiC, graphite, AIN etc.
have been widely explored till date [13,15,17-22]. It has
been observed that solid waste produced in significant
quantity due to rapid industrialization is the main challenge
associate with the environment pollution. Some industrial
and stone wastes like blast furnace slag, CBPD, copper slag,
red mud, granite dust and marble dust has already been
practiced in the past research as a replacement of
conventional metal and ceramic fillers in fiber reinforced
polymer composites. In this view, sponge iron slag could be
a potential filler material in order to improve the mechanical
and thermomechanical properties. Pawar et al. [15] observed
decrement in the tensile and flexural strength whereas,
significant improvement in the fracture toughness with the
increased in the granite powder as a filler in the jute fiber
reinforced epoxy composite as fabricated by hand layup
technique. Composite with 16 wt.% granite powder shows
better viscoelastic properties compared to other developed
composites. Sharma and Patnaik [13] developed marble dust
filled needle punched jute/epoxy composite using vacuum
assisted resin transfer molding technique (VARTM). The
research was investigated the effect of marble dust loading
in the resulting composite’s mechanical and thermal
properties and concluded that the loading of the marble dust
up to 30 wt.% increased the flexural as well as interlaminar
shear strength whereas, tensile strength was gradually
decreased. Patnaik and Nayak [23] proposed that mechanical
properties of the needle punched jute-epoxy composite
increases with the increased in silicon carbide content from 0
to 15 wt.% whereas, the thermal conductivity of the same
starts decreasing in nature. The same group again reported
that at 15 wt.% silicon carbide addition the particulate filled
composite shows improved in storage and loss modulus
trend at higher temperature (upto 68 °C).

The thermal conductivity of the polymer composite
depends upon multiple numbers of factors such as filler type,
fiber orientation, filler shape and size, particle distribution,
reinforced material in the composite. There are various
methods for enhancing the thermal conductivity of the
composite such as inclusion of conductive fillers, chemically
treated fillers, etc. [19,24]. A lot of experimental as well as
numerical and empirical studies have been done to predict
the conductivity of the composite with and without
incorporation of particulates [13,25,26]. The literature cites
different types of two-phase empirical models to predict the
effective thermal conductivity of the polymer composite but
limited number of three-phase models has been introduced
[27-29]. Besides experimental and analytical studies finite
element (FE) simulation model have been a popular tool for
the prediction of thermal conductivity. FE based thermal
conductivity analysis of randomly oriented glass fiber
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composites was done by Patnaik et al. [30] and found
number of divisions affecting the thermal conductivity of the
composites. Kaundal ef al. [19] performed finite element
analysis to predict the thermal conductivity of SiC filled
glass fiber composites and then compared with the
experimental values. They observed that the predicted
values were in the good agreement with the experimental
one. Experimental and theoretical thermal conductivity of
silicon rubber and Al,O; particle based composite has been
investigated by Gao et al. [31]. The thermal conductivity
was increased with the increase in the volume fraction of the
particle in the composite. A very few works have been
reported on the measurement of thermal conductivity using
finite element approach for particulate filled natural fiber
reinforced polymer composite.

In current research work, micro sized sponge iron slag
powder filled hybrid composite is prepared by varying the
weight percentage of the filler from 0 to 24 wt.% at an
interval of 8 wt.%. The physical properties (density), water
absorption, mechanical characteristics (tensile strength,
flexural strength, interlaminar shear strength (ILSS),
compressive strength, impact energy and fracture toughness),
thermal conductivity and dynamic mechanical characteristics
(storage and loss modulus, damping factor, glass transitions
temperature and homogeneity) are investigated. After analysis
of the mechanical properties the fractured surfaces are then
examined to understand the failure mechanism of the
composite with the help of scanning electron microscopy. At
the end, the obtained experimental thermal conductivity
values of the composites are compared with both numerical
as well as existing empirical models for validation purposes.

Experimental

Materials

Needle punched nonwoven jute fiber with areal density of
300 gsm (thermal conductivity=0.07 W/m-K, specific heat=
324 J/kg°C) as shown in Figure 1(a) is employed as the
reinforcing material purchased from Eskay International,
Kolkata, India. CY230 (Epoxy) and HY951 (hardener) are

Figure 1. (a) Needle-punched nonwoven jute fiber and (b) sponge
iron slag (SIS) powder.
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Figure 2. Energy-dispersive X-ray spectroscopy (EDS) analysis
of SIS powder.

Table 1. EDS results of SIS powder
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used as matrix material (thermal conductivity=0.268 W/m-
K, specific heat=1000 J/kg°C) in the present work and
procured from Excellence resin, Meerut, India. Filler material
as SIS powder (thermal conductivity=2.13 W/m-K, specific
heat=850 J/kg°C) as shown in Figure 1(b) is collected from
the local sponge iron industry in the lumps form and then
converted in the fine powder using ball mill (average size
10 pm). The SIS powder composed of mixture of oxides
such as Fe,0;, SiO,, Al,O; and MnO respectively as
depicted from the Energy-dispersive X-ray spectroscopy
(EDS) (Figure 2). Other chemical elements such as Ca, C,
Na are also present in the powder as shown in Table 1.

Alkaline Treatment
The needle-punched nonwoven jute fiber mats are soaked

Element (¢} Fe Si Al Mn Ca C Na
wt.% 41.13 19.29 16.5 9.61 4.75 4.09 2.82 1.78
Atomic wt.% 58.94 7.92 13.5 8.17 1.98 2.34 5.38 1.77
Vacuum Hose . sIs
Pipe Vacuum Bagging Film C(ﬁ;;ﬁ e ider
Vacuum Pump /\‘A_ Vacuum Infusion ¥
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Figure 3. Schematic of composite fabrication process (VARTM) and its characterization; (a) density measurement, (b) Heico universal
testing machine, (c) Instron 5967, universal testing machine, (d) impact testing machine, (e) dynamic mechanical analyser, (f) thermal

conductivity measurement (TPS 500), and (g) SEM.
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into a 5 % (w/w) aqueous NaOH solution for 2 hours and
then rinsed with water multiple times to ensure the removal
of NaOH adhering to the surface. Thereafter, fiber mats are
dried in an oven at 60 °C for 10 hours.

Fabrication Technique

SIS powder is mixed in the matrix material with the help
of magnetic stirrer at 800 rpm for 2 hours, followed by
sonication at 50 Hz for 1 hr to ensure proper dispersion of
the filler particles in the matrix material. The composite is
then fabricated by varying the weight percentage of the SIS
in the matrix from 0 to 24 wt.%, in the interval of 8 wt.%.
VARTM process is adopted for the fabrication of the
composites. Figure 3 describes the illustration of the
experimental set up with details of processing constituents
[13,14,32-34]. A layer of mold release agent (polyvinyl
alcohol (PVA)) is initially sprayed on the surface of the glass
mold. Thereafter, four layers of alkali treated jute fiber mats
are stacked on the mold surface followed by peel ply and
flowing media (infusion mesh). All the layers are covered by
a flexible polymer mould to create vacuum environment. A
flexible polymer bag is placed around the stack and sealed
by a sealant tap. Later, the complete system is tested for
30 minutes to check the presence of any air intake. After
confirmation of the complete leak-proof system, the matrix
material is injected in the preform via plastic tubes by the
combined action of gravity and vacuum pressure into the
vacuum bag. The infusion process is terminated once
complete impregnation is confirmed. After that, the
impregnated layers are cured at room temperature for
24 hours. The developed composited with 0 wt.% (unfilled),
8 wt.%, 16 wt.% and 24 wt.% of SIS powder are designated as
NPJSIS-0, NPJSIS-1, NPJSIS-2 and NPJSIS-3, respectively.

Density and Void Content

The experimental density of the unfilled and SIS powder
filled needle-punched nonwoven jute/epoxy (NPJE)
composites are measured using Archimedes principle as per
ASTM standard using density measurement equipment
(Radwag, AS 220. R2) whereas, the theoretical density is
calculated by wusing rule of mixture technique. The
percentage of void content in each fabricated composite are
evaluated by comparing the experimental density with
theoretical density [35].

Water Absorption and Kinetic Parameter

The water absorption test is conducted as per ASTM
D5229 standard. Initially the weight of the test coupons is
measured using electronic weighing machine (Radwag, AS
220. R2) with an accuracy of £0.1 mg. All the samples are
then immersed in the distilled water at room temperature.
After the pre-decided immersion period the samples are
taken out and wiped using tissue paper to remove the surface
moisture. Immediately the samples are weighed to measure
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the mass gain if any. The procedure is repeated for each test.
The percentage of water absorption after every test is
calculated as per equation (1)

W(%) = (V—VW;W’) x 100 )
where, W is the mass of the specimen and suffix 7, fand i
represents the total final and initial.

The kinetic parameter i.e., the Diffusion coefficient (K,o.z)
is measured from the slope () of the water absorption
against the time curve and calculated using equation (2) [5].

‘g
X
Kcoejf = {16W2 (2)

where, x, 6 and W, represents the initial sample thickness,
slope of liner portion of water absorption curve and water
absorption at infinite time.

Mechanical Characterization

ASTM D3039, ASTM D790 and ASTM D2344 standards
are used to prepare the test specimens and perform the tensile
test, flexural test and ILSS respectively. The experiments are
conducted using a Universal testing machine (Make: Heico,
India, Capacity 30 kN) with a crosshead speed of 1 mm/min
for tensile test and 1.5 mm/min for three-point bending
flexural strength and ILSS respectively. Three samples are
tested in each test run and finally the average value is
reported for further analysis.

Compression test is performed as per ASTMD3410 using
universal testing machine (Make: Instron, US, Model:
Instron 5967, Capacity 30 kN) with crosshead speed of
1.5 mm/min three samples of each composites is tested. The
impact energy of the fabricated composite is measured by
performing Izod impact test on impact testing machine as
per ASTM D 256 standard. The three specimens of each
composite are tested and average value is reported in all the
above analysis for testing of mechanical analysis.

The plain strain fracture toughness (Kj.: critical stress
intensity factor) of the fabricated composite is evaluated in
accordance with ASTM D5045-14 with single edge notch
bending (SENB) specimen (Figure 4) using Universal
testing machine (Make: Heico, India, Capacity 30 kN) with
a crosshead speed of 1 mm/min under displacement mode.
The pre-notch is formed using saw and then a pre-crack of
around 1 mm is introduced using fine razor with constant
ratio of crack length to width (¢) is between 0.45 to 0.55.
The value of K. (MPa-m"?) is evaluated by using equation
(3) as follows:

P
K= 2_
PV o)
)= 6@“'99‘("(1“”)(2‘15_3'93‘“2'7“’2)],

(1+2¢)(1-9)"”
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Figure 4. Schematic of SENB specimen as per ASTM 5045-14.

o= 3)

where, Py: load (KN), B: sample thickness (cm), W: sample
width (cm), a: crack length

The value obtained as per above described method are
considered to be validated, once the following criteria are
satisfied:

K 2
B, a,(W—a)>2.5(—Q) C))
gy
where, K, and o, are the conditional K, and material yield
stress respectively.

Thermal and Thermomechanical Characterization

Thermal Conductivity

The thermal conductivity of the developed composites is
experimentally measured using thermal constants analyser
(Make: Hot Disk, Model: TPS 500). The thermal conductivity
is measured based on the transient plane source. A Hot Disk
sensor is placed between the two identical composite
samples with a cross section of 25 mmx25 mm by keeping
all other sides of the samples thermally insulated. Upon
initialization, the electric current tends to flow in the hot disc
sensor and the resistance is then measured as a function of
time and the thermal conductivity is measured by monitoring
the time temperature relationship at room temperature. The
thermal conductivity of the developed composites are also
estimated using existing theoretical relationships i.e., series
model, parallel model, geometric mean model (GMM) and
Brailsford and Major (B & M) model and well described in
depth in numerous literature [19,30,36-39].

The parallel model and series models are described as per
equations (5) and (6) [19]:

= ‘9f %‘—i_ '9m}/m+ '9p}/p (5)
.1.::.9f+§ﬂ+:.92 (6)
Yoo Vv Vm W

where, ¥, 9 are the thermal conductivity and volume fraction
and ¢, f, m, and p shows the composite, fiber, matrix and
particulate respectively.

In the case of a geometric mean model (GMM) the
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effective thermal conductivity of the composite is given by
equation (7) [19].

9, 8, 9
Ve =0 V' Y (7

The two component models were expanded by Brailsford
and Major (B & M) [27] to take account of single-disperse
homogeneous particles made of two distinct materials
randomly separated into a continuous matrix and the
effective thermal conductivity is given by equation (8).

3Vm Y
Gt 1+ 5,
{7 ) P(zymw,,)}
%= ®)

3 Y 3 %om
9,+8 +9
{ "ot 1) p(27m+7p)}

Numerical Simulation Model and Assumptions

Finite element method is one of the strongest numerical
tools for analysing transient thermal problems to solve the
scientific problems with assumptions are to be considered in
modelling and assigning the physical properties. The
effective thermal conductivity is simulated using ANSYS
tool and following assumptions are made for unfilled and
SIS filled NPJE composites [40,41]:

a) The microstructure of unfilled and SIS powder filled
NPJE composites are designed by taking the volume fraction
of the unit cell.

b) No interfacial thermal resistance exists between SIS
particles and matrix that means perfect bonding between the
two solids.

c) Isotropic thermal conductivity, specific heat and density
of SIS powder, Jute fiber and Epoxy matrix are selected.

Since the experimental sample size is large and in order to
simulate the effect of filler loading on thermal conductivity a
unit cell of 100x100 um is considered as a control volume.

SIS powder

Low temperature surface (T,=22°C)
/ W High temperature surface (T,=100°C)
I Adiabatic surface

Figure 5. Boundary conditions for developed model.
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Figure 6. Steps for transient thermal analysis.

Figure 5 shows the numerical model and boundary
conditions applied during analysis of the composites. Four
layer of jute fiber (in vol.%) and five layer of matrix material
(in vol.%) is considered. The filler particles are represented
spherical in nature and randomly distributed as per filler
vol.% in to each layer of the matrix. Three-phase models are
generated by defining a particulate thermal conductivity
values in the finite element model with number of elements
distributed randomly within the matrix. In order to quantify
the constitutive property of the composite, numerical model
is applied instead of analytical approach due to the geometry
complexity and the steps followed to perform the finite
element simulation are shown in Figure 6.

The geometrical models of unfilled and SIS powder filled
NPJE composites are generated in design modeller as shown
in Figure 7(a and b). Due to the irregularity in model, it is
discretized into the 4 node tetrahedron element for the
further numerical solution using FEM and mesh refinement
study is done on the particle element to ensure the
convergence of thermal conductivity. The mesh refinement
operation can split one particle element into multiple
elements; therefore, those nodal values of the particle

=

(a) (b)

Figure 7. 3D geometry model for (a) unfilled NPJE composite and
(b) SIS powder filled NPJE composite.

Fibers and Polymers 2021, Vol.22,No.4 1087

elements can provide greater precision when the properties
of the particle elements differ significantly from those of the
matrix elements. Based on the mesh refinement study, first
order mesh is performed for the finite element analysis as
depicted in Figure 8 and time integration method is used to
perform transient thermal analysis followed by generalized
trapezoidal rule. For the accuracy and stability of the
solution, time step size of 80 sec is selected according to the
Biot number and Fourier Number which depends on average
elemental width, average density and specific heat respectively.
Heat flow (0.1 W) with respect to time t (80 sec) along with
initial temperature on the two opposite faces (T;=22 °C and
T,=100 °C) are applied along z-direction and the remaining
faces are set to be adiabatic as shown in Figure 5. The
system is then solved by THOPT APDL command in
transient thermal analysis.

The governing equation for transient state heat conduction
for 3-Dimensional cartesian coordinate system is given by
[42,43]:

0, Visues) & s 0, icuc)

ax\" ox 8_y oy Oz Oz
0Ty
+Q(x,y,z,t) = pCp —— (9)

Oz

where, 0, C,, and Q denotes density and specific heat, and
heat generated by the solid whereas subscript x, y, z and ¢
shows thermal conductivity in x, y and z direction and time.

Since the differential equation equation (9) is of second
order, at least two boundary conditions and one initial
condition are required for the solution.

T(x,y,zst)=To(x,y,z)fort>00nS1 (10)
oT oT oT
=] 4y .= ] +y.=.]+g=

yx@x Ly yy@x & yz@x L:+q=0

fort>0onS, (11)

where, ¢ is the heat flux, 7 is the surrounding temperature,
Iy, 1,, I are unit vector normal to the boundary, S; is the
boundary (Dirichlet Condition) on which the value of the
temperature is specified as Ty(#), S, is the boundary
(Neumann condition) on which the heat flux g is specified,

Figure 8. Meshing for NPJE composite.
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and the initial Condition

T(x,y,z,t)|t:0 = TO(x,y,z) (12)

Equation (12) is defined as initial condition at time zero as
equation (9) is of first order differential equation in time #
and finally, the thermal conductivity is calculated using
Fourier’s law

dt
— 1
=k (13)

Dynamic Mechanical Analysis

The viscoelastic characteristics of the composites are
studied using dynamic mechanical analyser (Make: Perkin
Elmer, Model: DMA 8000) confirming to ASTM D4065.
The dynamic mechanical properties are evaluated in three-
point bending mode with 1 Hz frequency as a function of
temperature. The tests are carried out in the temperature
range of 25 to 180 °C at a heating rate of 2 °C/min. The
storage modulus, loss modulus, glass transition temperature
and damping factor is measured.

Results and Discussion

Effect of SIS filler Loading on Density and Void Fraction

The physical and mechanical characteristics of the fiber
reinforced polymer composite are significantly influenced
by the voids present in the composite. The theoretical
density always surpassed the measured densities and the
difference between two represents the void content in the
developed composites. The theoretical and measured
densities in conjunction with corresponding void fraction of
the fabricated composites are shown in Table 2.

The density of unfilled composites is 1.2248 g/cm’ which
increased to 1.2545 g/cm® by inclusion of 8 wt.% of SIS
powder. The density of the fabricated composite progressively
increases with the inclusion of SIS powder from 8 wt.% to
24 wt.% which is attributed to the higher density of SIS
powder. It is clearly seen from Table 2 that void fraction of
the fabricated composites are increased by 0.79 %, 1.41 %,
1.95 % and 2.15 % respectively with the increased in the
filler from 0 wt.% to 24 wt.%. This may be attributed to the

Table 2. Density and void volume fraction of manufactured
composites

Composite Th.eoretical3 Measured . Void .volume
density (g/cm’) density (g/cm”) fraction (%)
NPJSIS-0 1.2248 1.2152 0.79
NPJSIS1 1.2545 1.2368 1.41
NPJSIS2 1.2824 1.2574 1.95
NPJSIS3 1.3093 1.2812 2.15
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fact that addition of filler in the epoxy imparts resistance to
the flow, thereby modifying the impregnation and curing
characteristics of the matrix [44]. Also, the increase in void
fraction in the composite is possible due to the air entrapped
at the fiber, filler and matrix interface during impingement
process [18]. Similar, trend were also observed by past
researchers as reported in the cited references [13,15,45].

Effect of SIS filler Loading on Water Absorption
Behaviour and Diffusion Kinetics

Water absorption test is conducted to measure the amount
of water absorbed by the developed composites under
specific conditions. The water absorption in a composite
depends upon the number of factors such as fiber volume
fraction, void content, temperature, humidity, viscosity of
matrix etc. [46]. The water absorption of unfilled and SIS
filled needle jute/epoxy composite is plotted against
immersion time as shown in Figure 9. The water absorption
percentage for all these composites are increased with the
increase in immersion time and attains a saturation state at
3.37 %, 4.87 %, 5.49 % and 7.02 % for NPJSIS-0, NPJSIS-
1, NPIJSIS-2 and NPJSIS-3 respectively. The water
absorption of the composite shows proportional behaviour
with respect to the immersion time, filler content and void
content. It is observed from Figure 9 that the water
absorption is increased with an increased in SIS powder
wt.% in the composites which is attributed to the presence of
voids and hydrophilic nature of the jute fiber [5,47]. The
water absorption of unfilled composite (NPJSIS-0) is
indicated lower water absorption compared to SIS powder
filled composites. It is also observed from the figure that
initially the water absorption of the composites show liner
nature and follows Fick’s law of diffusion, the absorption is
then nearly depleted and ultimately finished [48]. Figure 10
shows the diffusivity vs. fabricated composites. It is revealed

8
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Figure 9. Water absorption of manufactured composites as a
function of time.
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Diffusion coefficient (x10°, mm?/s)

NPJSIS-0 NPJSIS-1 NPJSIS-2 NPJSIS-3

Composite

Figure 10. Diffusion coefficient curve for manufactured composite.

from the figure that the diffusion coefficient for NPJSIS-0
and NPJSIS-1 is 10.38x10° mm?s and 20.88 mm’/s
respectively, further increased in wt.% of SIS powder the
diffusivity of the composite decreases and observed that the
diffusion coefficient for NPJSIS-2 and NPJSIS-3 is dropped
by 7.65 % and 7.76 % respectively compared with NPSIS-1.
The reduction in the diffusion factor may be attributed to the
strong adhesion between the fiber and the matrix material
[5,48].

Effect of SIS filler Loading on Tensile Strength

Tensile strength is the maximum force at which the
material can endure without fracture under stretched
condition [49]. The tensile strength and tensile modulus
curve of the unfilled and SIS filled NPJE composites are
shown in Figure 11. It is observed that the tensile strength
increases with the increased in SIS powder content in the
composite from 44.24 MPa at 0 wt.% (NPJSIS-0) to 49.56
MPa at 16 wt.% (NPJSIS-2) respectively. For 16 wt.%
addition of SIS powder in the composite, the tensile strength
and tensile modulus is increased by 10.74 % and 6.44 %
respectively. The important reason for enhancing the tensile
strength is that owing to its fine and consistent delivery, the
fillers adhered to the matrix very strongly. The smaller is the
size of the filler particles having higher surface area,
allowing the resin matrix to wet the filler [5S0] and hence
enhancement in the strength. When the filler loading
increases up to 24 wt.% (NPJSIS-3) the tensile strength is
decreased by 8.27 %. The foremost reason is poor adhesion
between the matrix and the fillers. Second contributing
reason for reducing strength value is agglomeration of the
particles, which reduces the surface area to interlock with
the epoxy which causes the particles to fail in transferring
the stress at fiber/matrix interface [49]. Further, the tensile
modulus increases with the increased in filler wt.% in the
composites because the modulus is much higher than the
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Figure 11. Tensile strength and tensile modulus of manufactured
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modulus of matrix and reinforced material, hence the
modulus increases with the addition of filler particles [49].
The post tensile failure analysis is performed by scanning
electron microscopy (SEM) as seen in Figure 12(a-d). Brittle
fracture of the fibers and voids formation due to fiber pull
out is observe in Figure 12(a) for unfilled composite
NPJSIS-0. Owing to the repetitive applied tensile load the
matrix fracture plane overlap and before individuating develops
cleavage on both the surfaces leaving ribbon pattern as
observed in the Figure 12(a). At the same time, crack initiation
and propagation converges where fiber pull is less significant
than elsewhere in the matrix material and similar phenomena is
observed for all the composites because of the brittle nature
of the epoxy [13]. Figure 12(b) show the micrographs for
NPJSIS-1 and the fiber debonding, fiber pull out and
debonding of the fiber and matrix can be seen. Fewer voids,
good fiber, filler and matrix interfacial bonding enables the
favourable stress transfer from one part to another that can
be observed from Figure 12(c) which confirms the higher
tensile strength of NPJSIS-2 composite as compared to the
other fabricated composites. The tensile strength decreases
with the higher filler wt.% due to agglomeration of the filler
and fiber as indicated in Figure 12(d).

Effect of SIS filler Loading on Flexural Strength and
ILSS

Flexural is the combined action of tension and compression
characteristics and before yielding of the material maximum
applied forced is called flexural strength. The flexural test of
the fabricated composites is conducted by three-point
bending test and Figure 13 shows the test results of the
flexural properties of the unfilled and SIS filled NPJE
composites. It is revealed from the figure that the flexural
strength and flexural modulus is increased with the increase
in the filler wt.% in the composite. Composite NPJSIS-3
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Composites.

possess maximum flexural strength and flexural modulus of
73.57 MPa and 4.6 GPa followed by NPJSIS-2 having
71.53 MPa and 4.2 GPa, NPJSIS-1having 68.16 MPa and
4.01 GPa and NPJSIS-0 having 66.01 MPa and 3.38 GPa,
respectively. The increase in the flexural strength is
intercalation between fiber, matrix and filler that ultimately
results in good interfacial bonding, inherent toughening

mechanism due to inclusion of fillers [50] and the good
dispersion of the filler in the composite [14]. The flexural
modulus of NPJSIS-3 is improved by ~26 % compared to
NPJSIS-0 (Figure 13) which shows the modulus is dependent
on the filler loading [49] and is in good agreement with the
available literature [13,23]. The flexural failure generally
takes place under tension- compression mode, Figure 14(a-
d) shows the micrographs of the flexural tested samples of
unfilled and SIS filled NPJE epoxy composites. Figure 14(a)
depicts the microstructure of the unfilled NPJSIS-0 composite
and fiber pull out, matrix cracking and fiber/matrix
debonding is observed. The maximum flexural strength is
observed for NPJSIS-3 along with the proper distribution of
filler, good interfacial bonding as observed in Figure 14(d).
NPJISIS-1 and NPJSIS-2 acquired an intermediate flexural
strength, voids due to fiber pull out, matrix failure, and crack
propagation as illustrated in Figure 14(b and c). The voids
formed due to entrapped air during the composite fabrication
procedure can also be witnessed in Figure 14(b).

The ILSS defines the shear strength between the
composite layers, which is calculated using Short-Beam
Shear (SBS) method. The effect of filler loading on ILSS is
shown in Figure 15 and observed that the trend is similar to
flexural strength. It is observed from the figure that the ILSS
increase from 7.42 MPa to 10.09 MPa with the increased in
the filler wt.% from 0 to 24 wt.%. The enhancement of ILSS
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upto ~26 % is attributed to the proper distribution and
compaction of filler between the fiber layers that increases
the mechanical interlocking during shearing consequently
resulting in the improved ILSS of the composites [14]. In
addition, the filler acts as a barrier to pass shear stress from
one part to another. Similar, observation has been reported
by Sharma and Patnaik [13] in their previous work and
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Figure 16. Impact strength of manufactured composites.

Choudhary et al. [14] for marble dust filled composites.

Effect of SIS filler Loading on Impact Strength
Composite impact strength is largely influenced by the
stiffness, complexity of the interface field and fiber separation
from the matrix creates friction work. The impact strength of
the composite shows a proportional relation with the filler
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Figure 17. Micrographs of impact tested samples (a) unfilled NPJE composite (NPJSIS-0), (b) 8 wt.% SIS filled NPJE composite (NPJSIS-
1), (¢) 16 wt.% SIS filled NPJE composite (NPJSIS-2), and (d) 24 wt.% SIS filled NPJE composite (NPJSIS-3).

loading as observed from the Figure 16. The impact strength
of unfilled composite NPJSIS-0 is observed as 21.34 KJ/
mm? and further increases to 21.97 KJ/mm?, 23.69 KJ/mm?
and 24.58 KJ/mm® with the increasing SIS wt.% from 8 to
24 wt.% in the composite, respectively. It can be revealed
from the figure that the inclusion of SIS powder as a filler in
the composite gives better impact resistance compared to
unfilled NPJE composite which is attributed to that energy
absorbed during impact test by the SIS particles in the plane
of fracture resulting resistance of the fracture failure growth
[23]. The improvement is also attributed to the adhesion
with jute and SIS powder in the composite [51]. Similarly,
Patnaik and Nayak [23] studied the effect of silicon carbide
filled jute epoxy composite on the mechanical properties.
The impact strength was increased from 55 J to 63 J with the
increased in the wt.% of filler from 0 to 15 wt.%. Pawar et
al. [39] also found the improvement in the impact strength
with the increase in wt.% of granite powder from 8 to
24 wt.% in the jute fiber reinforced composite. Composite
NPJSIS-0 possess lowest impact strength whereas NPJSIS-1
and NPJSIS-2 shows the intermediate impact strength due to
smaller wt.% of filler, matrix failure, fiber breakage and
interfacial bonding between fiber and matrix which can be
observed from the micrographs shown in Figure 17(a, b and
c) also good interfacial bonding can be observed for
NPJSIS-3 in Figure 17(d).

Effect of SIS filler Loading on Compressive Strength
The compressive strength is the resistance of the material
to fail under compression loading and compressive strength
as a function of filler loading is shown in Figure 18. It is
observed from the figure that the compressive strength
increases with the increased in the SIS wt.% in the composite.
The compressive strength of the NPJSIS-0, NPJSIS-1,
NPJSIS-2 and NPJSIS-3 is found 56.22 MPa, 60.72 MPa,

@ 66
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a2 ¢

T T T
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Composite

T
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Figure 18. Compressive strength of manufactured composites.
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64.46 MPa and 72.72 MPa, respectively. It has been seen
that the improvement in the compressive strength by ~23 %
with addition of 24 wt.% of SIS powder. In compression the
failure is primarily due to micro buckling of fiber and shear
crippling and the inclusion of filler in the composite acts as a
resistance to the buckling, causing increase in the compressive
strength with the increased in the SIS weight percentage in
the composite from 0 to 24 wt.%. In the present study, the
specimens are mostly failed under shear-compression failure
mode, in which the fiber and matrix interface may fracture
under shear due to buckling of fiber under compression load
and failure of the specimen takes place [3].

Effect of SIS filler Loading on Fracture Toughness
Fracture toughness is the property of material indicating
the resistance to the fracture. Figure 19 shows the fracture
toughness in terms of critical stress intensity factor of
unfilled and SIS powder filler NPJE composites. It is evident
from the figure that the K. increased with the increasing
wt.% of SIS powder loading from 0 to 24 wt.% in the
composite. The K;, values for the NPJSIS-0, NPJSIS-1,
NPJSIS-2, and NPJSIS-3 are 2.63 MPa-m'?, 3.19 MPa-m'?,
3.29 MPa-m"? and 3.64 MPa-m"?, respectively. It is observed
that the NPSIS-3 exhibits maximum value of fracture
toughness and the improvement is recorded of ~28 %
compared to unfilled composite (NPJSIS-0). The obtained
results are in the line with the previously reported studies by
Pawar et al. [39] and Choudhary et al. [14] where increasing
the filler loading increased the fracture toughness. The
enhancement in the fracture toughness with the filler loading
in the composite is attributed to the crack pinning, in which
filler particles absorbs the energy and invents obstruction in
the propagation path of crack front [12]. Additionally, at tip
the crack driving force is divided into several direction via
crack twisting which leads to reduce the crack propagation
intensity and hence the fracture toughness increases [14].
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Figure 19. Fracture properties of manufactured composites.

Fibers and Polymers 2021, Vol.22,No.4 1093

Crack tip blunting may also be the reason for the improvement
of the fracture toughness with filler loading, where the crack
propagation time is delayed due to debonding of the filler
and specimen sustaining larger load [52].

Effect of SIS filler Loading on Thermal Conductivity

The experimental thermal conductivity of the unfilled and
SIS powder filled composites is depicted in Figure 20. The
experimental obtained values for thermal conductivity of
NPJSIS-0, NPJSIS-1, NPJSIS-2 and NPJSIS-3 are 0.2115
W/m-K, 0.2817 W/m-K, 0.3015 W/m-K and 0.3172 W/m-
K, respectively. It can be clearly observed from the figure
that the thermal conductivity of the composite increases with
the increased in the filler loading from 0 to 24 wt.% in the
composite. The enhancement in the thermal conductivity is
attributed to the fact that the filler particles in the composite
acts as a heat carrier and as the filler wt.% increases the
continuous thermal path may be formed. Also, the
experimental values of the thermal conductivity for the
developed composites are compared with the computed
values established via theoretical models viz. series model,
parallel model, GMM and B & M model. In the case of low
volume fraction of filler, a number of filler particles are not
adequate to constitute a conductive chain through the
thickness and hence has a minimum effect of filler-fiber-
matrix property and is closer to the series model. However,
as the number of filler particles are increased due to the
higher volume fraction, it enables to form a continuous
conductive chain which helps in elevating the thermal
conductivity of the composites and hence near to the parallel
model [19,30,53].

The order of the bound of effective thermal conductivity is
parallel model > FEA model = experimental > B & M model
> GMM > series model as observed from Figure 20. It can
be seen that the values obtained from FEA models is in the
good agreement with the experimental values. Hence, finite
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Figure 20. Comparison of thermal conductivities estimated from
different models for manufactured composites.
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element simulation can be very well used to predict the
effective thermal conductivity for a wide range of filler
loading in three phase composites for this type. Figure 21
shows the thermal conductivity pattern for unfilled and SIS
filled from 8 wt.% to 24 wt.% NPJE composites. The heat
conduction across the SIS filled composite occurs mainly
through fillers compared to unfilled composite and at
NPJSIS-1, most of the SIS particulates are not in the contact
due to which weak thermal chain is formed and hence lower
thermal conductivity is observed compared to NPJSIS-2 and
NPJSIS-3.

Dynamic Mechanical Analysis (DMA)

The findings on the storage modulus (E') help to evaluate
the elastic properties of the hybrid composite in three
regions such as glass (room temperature to 47 °C), transition
(47 °C to 84 °C) and rubbery region (above 84 °C) [15].
Figure 22 shows the variation in storage modulus with
temperature (25 ° to 180 °C) for SIS filled and unfilled
needle NPJE composites. The E' of 8, 16 and 24 wt.% filled
SIS composite at room-temperature improved compared
with the unfilled jute epoxy composite. This may be due to
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Figure 22. Storage modulus vs. temperature of manufactured
composites.

great stress transfer at the interface of fiber and matrix [54].
At low temperature, E' of NPJSIS-1, NPJSIS-2, NPJSIS-3
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are observed to be close to each other with the highest E'
values 4636.87 MPa, 4550.30 MPa and 4693.48 MPa
respectively. This emphasizes that at low-temperatures fillers
are not contributing much to communicate the stiffness of
the composites. It is observed from the figure that in glassy
region (region I) the molecules are compact and further
increase in the temperature the molecules slightly loses their
strength resulting in the decrease in the storage modulus and
stiffness of the composites [55]. Further with the increased
in the temperature from 47 °C to 84 °C (transition region)
the E' of the composites significantly declines, which is
attributed to the softening of the matrix at the glass transition
region. Above glass transition temperature the NPJSIS-2
curve shows better E' value compared to NPJSIS-1 and
NPJSIS-3 which attributes that the addition of SIS up to
20 % limits the movement of polymer chain as they embed
in the fiber and matrix [56]. In the rubbery region it is found
that NPJSIS-2 possesses highest value of E' and this fact
shows that the composite with 16 wt.% filler shows better
adhesion and interface bonding compared to composites
with 8 wt.% and 25 wt.% of SIS powder as filler [57]. It is
also seen from the fig that after 84 °C (Region III) the
modulus is unaffected by the temperature and remained
constant. Nevertheless, when the temperature increases the
composite constituents tend to show increased molecular
mobility and thus lose their tight packing structure and then
progressively decreases the modulus in the rubbery region
[58]. It is revealed from the figure that the inclusion of SIS
in the NPJE composites enhanced the storage modulus. The
order of the magnitude of E' at lower temperature
specifically between 20 °C to 40 °C is NPJSIS-3 > NPJSIS-
1 > NPJSIS-2 > NPJSIS-0.

Loss modulus is a viscous response the materials regarded
as the amount of heat dissipated by the samples under stress
as heat/cycle [56,58]. The loss modulus (E") versus
temperature curve for unfilled and SIS filled NPJE composite
at 1 Hz frequency is shown in Figure 23. Similar to storage
modulus, loss modulus curve is also showing improvement
in E" with the inclusion of the filler particles in the
composite from 0 to 24 wt.%. It is observed from the figure
that all loss modulus curves reached to the optimal values for
maximum dissipation of energy and decreased with the
further increase in the temperature, which is attributed to the
free movement of polymer chain. Figure 23 shows the lower
peak for unfilled NPJE composite but inclusion of SIS filler
into the composite increases the loss modulus peak values.
Interestingly, similar to E', the higher E" peak height is
observed for NPJSIS-2 with 496.14 MPa compared with
NPIJSIS-1 (peak height 378.74), NPJSIS-3 (peak height
377.97) and NPIJSIS-0 (peak height 330.75) which is
attributed to proper distribution of the filler, dispersion and
no agglomeration of the filler in the composite [59]. Also,
the addition of filler in the composite acts as a blockade in
the movement of matrix molecules and higher thermal
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stability is associated in enhancing the E" of the composite
[54]. In rubbery region (beyond 95 °C), the liner curves with
the negligible decrease in the loss modulus is observed with
the further increase in the temperature. The findings of the
current research study are partly consistent with the
observations made by Choudhary et al. [54] and Pawar et al.
[15] respectively.

The damping factor (Tan 9) is the ratio of loss and storage
modulus, is a measure of impact and elastic characteristics
of a material, the peak height is related to the energy
dissipation and impact properties of a material which means
higher the peak would result in better impact properties and
less internal energy dissipation [58,59]. The major involvement
to the composite damping is due to the nature of the
reinforce and matrix material, nature of interphase, frictional
damping due to slip in the unbound regions between fiber
and matrix interface and damping due to energy dissipation
in the area of the matrix cracks and broken fibers [60]. The
glass transition temperature (T,) of the composite can also
be estimated from the temperature corresponding to the
Tan 6 peak. The Tan 6 of the unfilled and SIS filled NPJE
composites as a function of temperature are shown in Figure
24. 1t is observed from the figure that the glass transition
temperature (T,) i.e. peak of Tan & curve of the unfilled and
SIS filled NPJE composites is 75.1 °C, 79.6 °C, 79.3 °C and
80.9 °C respectively, as presented in Table 3. It can be
concluded that the inclusion of SIS powder in the composite
caused the peak of Tan o to shift towards the higher
temperature which is attributed to the fact that addition of
the filler in the composite increases the brittleness which
causes restrictions in the movement of the epoxy molecules
[54]. It is also revealed from the Figure 24 that the NPJSIS-0
possess highest peak (0.2836) showing higher degree of
movement of molecules [59]. Addition of SIS powder in the
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Table 3. Peak height and glass transition temperature from DMA

Loss modulus  Damping Glass transition

Composite (MPa) factor temperature (°C)
E"nax (Tan 8pex)  Epax Tan 8y
NPJSIS-0 330.75 0.2836 65.9 75.1
NPJSIS-1 378.74 0.2424 69.1 79.6
NPJSIS-2 496.14 0.2766 70.3 79.3
NPJSIS-3 377.97 0.2281 70.47 80.9

composite shows comparatively lower peak height and
NPJSIS-3 shows lowest value of Tan 6 peak height (0.2281).
The incorporation of SIS particles in the composite creates
the barrier for the movement of epoxy molecules, slow
down the internal energy dissipation process and hence
reduces the damping factor [54,59].

Cole-Cole plot is the graphical representation to interpret
the relationship between E" with E' and illustrated in Figure
25. Past researchers claimed that homogenous and properly
dispersed filler in the composite exhibits smooth semi-
circular curve whereas, irregular shape of semi-circular arc
signifies only heterogeneous in nature of the composites
[54,59]. Tt is observed from the figure that the unfilled and
SIS powder filled composites exhibits imperfect semicircle
curve which shows the heterogeneous nature of the material
[60]. It can be observed from the figure that NPJSIS-1 and
NPIJSIS-3 curve are found to be less heterogeneous in nature
as compared to unfilled NPJE composite which is attributed
that the incorporation of filler in the composite helps to
overcome the heterogeneity nature in the composite. However,
the shape of the curves is representing the good fiber-matrix
bonding [60]. Similar, observation was made by Chaudhary
et al. [54] for marble dust filled glass fiber reinforced
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polymer composites.
Conclusion

In this research work, NPJE composite with varying
sponge iron slag weight percentage from 0 to 24 wt.% is
fabricated using VARTM and characterized to study their
physical, mechanical, thermal and thermomechanical properties
respectively. ANSYS simulation has been carried out to
predict the effective thermal conductivities of the composites.
The water absorption percentage for all these composites
increases with the increased in immersion time and attains a
saturation state at 7.02 % for NPJSIS-3. The diffusion
coefficient for NPJSIS-0 and NPJSIS-1 is observed to be
10.38x10” mm*/s and 20.88 mm?/s respectively, but further
increased in wt.% of SIS powder causes the diffusivity of the
composites decrease and found that the diffusion coefficient
for NPJSIS-2 and NPJSIS-3 is decreased by 7.65 % and
7.76 % compared with NPJSIS-1 which shows good
bonding between fiber, matrix and filler in the composites.
The tensile strength of the fabricated composite shows
increasing in trend up to 16 wt.% filler content whereas, the
tensile modulus tends to increase with the increased in the
filler wt.% in the composite. Flexural strength, ILSS, impact
strength and compressive strength show increasing in trend
with the filler wt.% in the composites. The improvement in
the flexural strength is observed as 10.28 % whereas, the
flexural modulus and ILSS are enhanced by = 26 % with
inclusion of SIS powder in the composite. The improvement
in impact and compressive strength are observed by 13.18 %
and 23 %, respectively. The fracture toughness is also
enhanced with filler loading in the composites and the
maximum value of fracture toughness is observed for NPJSIS-3
with 3.64 MPa'm'?. The possible failure mechanism
concerned with the fracture are fiber pull out, matrix failure,
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crack pining and crack tip blunting for unfilled and SIS filled
composites. Improvement in the thermal conductivities are
observed with filler wt.%. The orders of experimental
thermal conductivities are NPJSIS-3 > NPJSIS-2 > NPJSIS-
1 > NPJSIS-0. ANSYS as a significant tool to predict the
thermal conductivity of the developed composites. The FEM
approach is used to assess the thermal conductivity of these
materials with a varying in filler loading. The values of the
thermal conductivities obtained for finite element analysis
are in the good agreement with the experimental values. The
order of the bound of effective thermal conductivity is
parallel model > FEA model = experimental > B & M model
> GMM > series model. The addition of SIS powder in the
NPJE composites enhanced the storage modulus of the
composite and = 30 % enhancement is observed for NPJSIS-
3 compared to NPJSIS-0 at 30 °C and heterogeneity of the
developed composites are presented by Cole-Cole plot.

In the present study the jute fiber is considered as a
reinforced material, since it is biodegradable, non-toxic, eco-
friendly, easily available and low cost material compared to
other available synthetic fibers, the developed composite
may be suitable for multiple number of applications such as
roofing, partition wall, automobile parts and it may be a
good replacement of wood for interior as well exterior
applications.
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