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Abstract
This investigation elucidates the drop-weight impact performance of the jute/epoxy composite
laminates infusedwith zirconiumdioxide (ZrO2) at a filler loading of 5%, 10%and 15% in terms of
weight bymeans of ultrasonication. The results reveal that the peak load increased almost linearly
with filler addition for 5wt%and 10wt%ZrO2 composites by 18%and 27% respectively. In contrast,
a gradual reduction in energy absorptionwas observed, with values decreasing by 9%and 15%at 10
wt%and 15wt%ZrO2 loading.Damage assessment using both digital image analysis and ultrasonic
C-scan demonstrated that the surface damage areawas reduced by approximately 22%and 35% for 5
wt%and 10wt%ZrO2 composites, respectively, relative to the baseline, corroborating the
improvement in peak load. A relationship between the damage area and peak force as well as
absorbed energywere established and it provides a demarcation between the aforementioned
parameterswith respect to the filler ZrO2 loading.

1. Introduction

The increasing interest in natural fiber-reinforced composites for the industrial and high-performance
applications are associatedwith their advantages like biodegradability, lowdensity, and cost-effectiveness
[1–3]. Absorbed energy, peak force and damage area are the typical performancemetrics evaluated for a
compositematerial subjected to the drop-weight impact performancewhere the strike velocity of the impactor
ranges from1m s−1 to 10m s−1. Key factors influencing the response to LVI of a polymer composite, includes
fiber orientation, stacking sequence, laminate thickness, impactor geometry, impact energy, andmatrix type
[4, 5]. Strategies to enhance impact resistance of the natural fibre reinforced composites are hybridization
incorporating other synthetic fibers or other natural fibers, chemical pre-treatment of fibers, adding nano-
fillers, andmodifying fiber architecture [6, 7]. Optimizing these parameters can improve impact resistance and
damage tolerance of such composites. Nanofillers are increasingly used in biocomposites for their ability to
enhance the strength and to improve the interfacial adhesion between the fibre andmatrix by adding themat
small weight fractions [8–10]. The topic of interest to this work is to assess the influence of zirconiumdioxide
(ZrO2) on the drop-weight impact performance of the jute/epoxy composite. ZrO2 have been selected as
nanofiller due to its high fracture toughness and resistance to crackingwhich are inevitable characteristics for
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superior impact resistance of the composite. In addition to it, the other advantages such as low thermal
conductivity, biocompatibility, enhancing strength and lowwear ratesmakes them apotential filler for high-
perfomance applications [11, 12].

This section summarizes the findings from literature on the ZrO2 dispersed composites. Prasob and Sasiku-
mar demonstrated that incorporating 2wt%ZrO2 in the jute/epoxy composite enhanced the tensile strength,
flexural strength, compressive strength and inter-laminar shear strength and the ZrO2 infused jute/epoxy com-
posite exposed to sub-zero temperature did not affect the load bearing ability and even shown to have better
mechanical properties than at room temperature. The improvement inmechanical properties were credited to
the better interfacial adhesion promoted by the presence of ZrO2 [13]. In their anotherwork,mechanical prop-
erties of jute/epoxy composites infusedwith ZrO2 and titaniumdioxide (TiO2)was examinedwith 2%, 4%,
and 6% in terms of filler weight at room temperature and sub-zero temperatures of−20 ◦Cand−40 ◦C. Both
the fillers were able to improvemechanical properties under tensile, flexural and compression load upto 4wt%
and further increase to 6wt%filler led to decline in strength [14]. In a recent study, Lohbauer et al revealed that
incorporating incorporating zirconia nanoparticles from5wt% to 20wt% improves themicrotensile bond
strength (μMBS) of the primer and adhesive used for dental applications. μMBS tend to increasewith the filler
addition upto 20wt%. Their study also revelaed that nanofiller dispersion in the primer and adhesivemakes
significant difference to the μMBSwhere dispersing in the primerwas found to effectively increase theμMBS
than in the adhesive [15].

Jute fibrewas selected as the reinforcement owing to the advantages including their low cost, biodegrad-
ability, and abundance, while offering a reasonable balance of tensile strength and stiffness,making it a suitable
reinforcement for intermediate load-bearing applications. Epoxy resin has better compatibility with natural
fibres in terms of adhesion and helps tominimize voids in the composite. ZrO2was selected among the other
fillers because of itsmatrix toughening effects which helps in resisting crack propagation and thereby,
improved energy absorption and damage tolerance under impact loading. The increment in filler content was
intended to identify an optimal loading level and provides critical insights into the role of filler content on the
impact resistance and structural integrity of the nanocomposite.

The researchworks carried out on theZrO2 infused jute/epoxy composites were primarily focused on
exploring the staticmechanical properties.Moreover, the energy absorption charcteristics and damage area
assessment of the jute fibre reinforced composite subjected to drop-weigh impact performance in terms of fibre
architecture, laminate thickness, different impactor energies, impactormass and impactor geometry has been
well documented [16]. However, the literature lack studies in understanding how the specific combination of
zirconiumdioxide and jute/epoxy composites influences the dynamic behavior of composites under impact
load in the low velocity impact regime. This article represents amissed opportunity to comprehensively assess
the impact resistance of ZrO2 infused jute/epoxy composites and their interaction at different proportions of
the filler. The approach integrates C-scan imaging to accurately capture subsurface damagemorphology,
thereby providing amore reliable assessment of crack propagation and damaged area compared to optical
image-based tools.

2.Materials andmethod

2.1.Materials
Awoven jute fabric (250GSM) as shown in figure 1was purchased from theGoGreenProducts Pvt Ltd,
Chennai, India. Araldite LY556 epoxy resin andHY951Hardenerwas purchased fromHayael Aerospace,

Figure 1.Reinforcements (a) Jute Fabric and (b)ZrO2Nanoparticles.
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Chennai. Zirconiumdioxide (ZrO2)filler was obtained from the Sisco laboratories private limited.
Specifications and properties of the reinforcement andmatrix are given in tables 1 and 2.

2.2. Fabricationmethod
The fabrication of the composite is done throughHand layup process with jute fabric as reinforcement and
epoxy resin asmatrix dispersedwith zirconiumdioxide fillers as shown in figure 2. The reinforcement tomatrix
wasmaintained as shown in the table 3.

Figure 2. Schematic of the fabrication process.

Table 3.Composite configurations.

Notation

Jute fab-

ric (wt%)
Epoxy&hard-

ener (wt%)
ZrO2
(wt%)

Z0 50 50 0

Z5 50 45 5

Z10 50 40 10

Z15 50 35 15

Table 1. Specifications of the reinforcement and
matrix.

Properties Jute [17] Epoxy

Density (g/cm3) 1.3 1.15–1.20

Tensile strength (MPa) 393–773 82

Young’sModulus (GPa) 26.5 —

Elongation%at break 1.5–1.8 —

Viscosity (mPa.s) — 10–12

Table 2.Major properties of ZrO2
filler.

Properties ZrO2 filler

Color White

Particle size (nm) 123.22

Melting point (°C) 2700

Boiling point (°C) 5000
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Initially, the epoxy resinwas taken in a container andmixedwith different proportions of ZrO2 nanofiller
through ultasonification process. Then, the hardenerwasmixedwith resin in 1:10 ratio as recommended by the
resinmanufacturer and poured onto the 6 fabric layers of 120mm× 120mm (Length×Width) placed on a
sheetmetal coatedwith releasing agent. The resinmixturewas then gently spread through the fabric layers and
the setupwas cured at room temperature for 24 h. The fabricated composites had a nominal thickness of
3.5mm.

2.3.Dropweight impact test
Dropweight impact test was performed using theCEASTFRACTOVIS PLUSmachine atMadras Institute
Technology, Chrompet, Chennai, India as per theASTMD5628 [18]. The experimentwas carried out at an
incident energy level of 10 J corresponding to a height of 530mmand impact velocity of 3.22m s−1. The data
acquisition systemprovides load-time history, energy absorbed and displacementwith respect to time. The
impactorwas a cylindrical rodwith hemispherical nose diameter of 20mmand a totalmass of 1.926 kg
(includes carriermass of 1.3 kg and impactormass of 0.626 kg).

2.4.Ultrasonic C-scan
The extent of damage on the impacted specimenwas assessed using ‘Through-the-immersion’ type ultrasonic
C-scanwhich operates in the transmissionmode. TheC-scan facility located atDhvani Research&
Development Solutions, Perungudi, Chennai, Indiawas utilized (figure 3). A transducer frequency of 5MHz
and a scan resolution of 0.5mm for both the index and scan axeswas employed. This ensured that evenminute
details could be accurately captured and analyzed. Additionally, the scan lengthwas defined as 100mm for both
the index and scan axes, providing sufficient coverage of the specimen under examination. Following the
collection of ultrasonic images, the next step involved the calculation of the damage area andmeasurement of
crack length using the ‘SketchAndCalc’ platform. This platformprovides instant area based on themapping of
damage area and dimension of the sides arund the damage zone.

3. Results and discussion

3.1. Influence of zirconia addition on the peak force and energy absorption
Figures 4(a)–(d) represents the overall load-time history of the jute/epoxy composite with andwithout ZrO2
fillers. At the initial stage, the spike in load occurs due to the contact of hemispherical impactorwith the
composite laminate. The load exhibited a linear increase until Pthreshold which is the point of initiation of failure
in the formofmatrix crack. The immediate inflection point after the Pthreshold represented by Pcritical is the point
where the inititatedmatrix crack propagates further. Pthreshold indicates the boundary between elastic and
plastic limit while the Pcritical is the point beyondwhich the cracksmay progress leading to interfacial de-
bonding in the composite laminate. The composite specimen continued to endure the impact load further until
Pmax attaining the peak value between 4ms to 6ms and the force diminishes significantly indicating final failure
of the compositematerial.

An interesting observation from the load—displacement plot for the composites Z0, Z5 andZ10 is that
therewas a substantial difference between Pcritical and Pthreshold where the former had highermagnitude.

Figure 3.Ultrasonic C scan setup (a) ‘Through-the-immersion’ type and (b) Specimen setup inside thewater bath.
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However, in case of Z15, the difference in themagnitude of load betweenPcritical and Pthreshold was infinitiesi-
mal. This observation indicates thatmatrix crack propagation inititated at lower loads for the Z15 than the
other cases such that premature failure occurred leading to the least energy absorption.

The load—displacement plot from the drop-weight impact test is illustrated in figure 5. The load bearing
ability of the composites infusedwith zirconia fillers at variousweight proportionswere found to be impreoved
as represented by the highermagnitude of peak load. Furthermore, a closed loop patternwas observed for the
load—deformation plot in case of the composites with andwithout fillers tested at an impact energy of 10 J.
According toNunes et al [19], the closed loop pattern signifies the absence of perforation in the composite.

Figure 5. Load—displacement plot.

Figure 4. Load—time plot from the dropweight impact test (a)Z0, (b)Z5, (c)Z10 and (d)Z15.
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The influence of ZrO2 proportion in the laminate can be seen from the peak force, peak energy and total
energy tabulated in table 4. The composites infusedwith zirconia fillers were found to have better load bearing
ability as observed from the highermagnitude of peak loadwith respect to the increase in zirconia proportion
from5wt% to 15wt%. The peak load increased by 13%, 15%and 16% respectively due to the addition of 5, 10
amd15wt%ZrO2 into thematrix respectively. An increasing trend similar to that of the peak forcewas
observed for the peak energy (figure 6). However, the energy absorbed decreased significantly for the compo-
sites infusedwith ZrO2 fillers (table 4). The declining values of absorbed energy for the composites infusedwith
zirconia filler can also be inferred from the decrease in the area under the load-displacement plot and lower
displacement values than the composite specimenwithout filler.

3.2. Effect of zirconia on failure behavior anddamage area
Themorphological images of the impacted specimens are shown in figures 7(a)–(h). The general observation
from the images is that failure occurred in the impact zone as localized damage in the formof cracks in the front
face (figures 7(a), (c), (e)& (g) and rear face (figures 7(b), (d), (f)& (h)) of the composite respectively. The cracks
appeared to propagate away from the impact zone in both the horizontal (lognituidnal) and vertical (transverse)
direction. Thematrix crack experienced by the laminate in the front face and rear face at low impact energy is a
typical failure caused by the localized stress transfer of the impinging impactor onto the laminate and
subsequently, the impactor reboundswithout causing perforation. The crack growth pattern in the
longitudinal and tranverse direction are consistent with the recently reported studies on the drop-weight
impact behavior of jute/epoxy composites [20, 21]. Thus, while the degree of damage is relatively less severe at
low impact energies, at higher impact energies, the impactor perforates into the composite causing a dent on
the front face and cross-shaped bulge on the rear face accompanied by extensive cracking, delamination and
fibre breakage [22].

Figure 6.Energy—time response.

Table 4.Parameters from the dropweight impact test.

Specimen

Peak

force (N)

Peak

energy

(J)

Energy

absorbed

(J)
Total defor-

mation (mm)

Z0 1078.580 7.141 7.470 3.973

Z5 1218.838 8.610 6.351 2.791

Z10 1236.60 9.055 6.006 2.046

Z15 1252.525 8.567 5.961 1.927
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The images shown in figures 8(a)–(d) provides the crack pattern of the front face of the composites pro-
cessed from the SketchAndCalc platform. The crack pattern of the rear face of the composites processed from
the SketchAndCalc platform is illustrated in figures 9(a)–(d) alongwith theC-scan images (figure 9(e)–(h)).
Following are themajor observations from the processed images: (i) Failure occurred by crack propagation in
the longitudinal and transverse direction for both the front face and rear face, (ii) In case of the rear face, in
addition to themajor cracks,multiple number ofminor cracks originated and propagated along the transverse
direction.

A recent study on the drop-weight impact performance of the jute/polylactic acid composites high-
lighted that the crack length characteristics and damage areameasured from the C-scan images weremore
accurate than the data obtained from the optical image processing technique [23]. This correlation was
also similar in the present study where the processed images of the rear face from the ‘SketchAndCalc’
platform portrayed only linear crack while the C-scan images depicted the real damage zone around the
vicinity of the crack. Thus, in this work, the crack lengthmeasurement along the longitudinal and trans-
verse direction and damage area assessment were considered only from the C-scan images. Table 5 depicts

Figure 7.Morphological images of composites subjected to impact (a) Front Face—Z0, (b)Rear Face—Z0, (c) Front Face—Z5, (d)
Rear Face—Z5, (e) Front Face—Z10, (f)Rear Face—Z10, (g) Front Face—Z15, and (h)Rear Face—Z15.
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the crack lengths and surface damage area computed from the C-scan images. The firsthand observation
is the nearly identical or uniform crack length in the longitudinal and transverse direction for the Z0
without filler. As the filler addition is increased, the crack lengthsmeasured along the longitudinal and
transverse direction is not uniform or of varying length. The presence of zirconia fillers along the crack
path could have played a role in altering its propagation leading to uneven crack formation in the long-
itudinal and transverse direction. Furthermore, addition of zirconia at 5 wt% and 10 wt% resulted in
lower damage area than the Z0 without filler while further addition of ZrO2 filler to 15 wt% leads to
increase in damage area. The decrease in damage area with respect to the filler addition at lower filler
loadings and the increase in damage area at higher filler loading is consistent with the observations repor-
ted in the literature [24, 25].

The surfacemorphology of the jute/epoxy composites with andwithout zirconia reinforcement is pre-
sented in figures 10(a)–(d). Z0 compositewithout ZrO2 nanoparticles appears to have a smooth exhibits large
voids and interfacial gaps, indicating poor adhesion between the jute fibers and epoxymatrix surface.With the
addition of 5wt% zirconia (figure 10(b)), the surface reveals the presence of dispersed zirconia particles within

Figure 8.Crack pattern in the front face (a)Z0, (b)Z5, (c)Z10 and (d)Z15.

Table 5.Crack characteristics from theC-scan images.

Composite
Major cracks Minor cracks along

scan axis Damage area (mm2)
Crack length in the index

axis (mm)
Crack length in the scan

axis (mm)

Z0 41.65 41.83 No 49.30

Z5 45.29 40.05 Yes 34.30

Z10 40.51 44.57 Yes 43.36

Z15 45.72 40.88 Yes 57.89
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thematrix, resulting in reduced porosity and improved particle–matrix interaction. At 10wt% zirconia loading
(figure 10(c)), amore homogeneous distribution of zirconia particles is evident, leading to a densermicro-
structure.However, when the zirconia content is increased to 15wt% (figure 10(d)), severe particle agglomera-
tion becomes noticeable, which introduces stress concentration sites and deteriorates the interfacial bonding
with thematrix. Such agglomeration negatively affects stress distribution andmay promote brittle fracture,
thereby diminishing the beneficial effect of zirconia addition.

Figure 9.Ultrasonic C-scan images of the rear face of the composites (a)Z0, (b)Z5, (c)Z10 and (d)Z15.
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The damage area is correlated to the peak force (figure 11(a)) and absorbed energy for the compo-
sites with and without zirconia filler. It is clear from the images that the increase in ZrO2 concentration
in the matrix enhances the load bearing ability while the damage area increases. On the contrary, a
declining trend was observed with respect to the energy absorbption over the increase in damage area.
Themajor inference from the figures 11(a) and (b) is that the Z5 is the optimum combination where
least damage area is observed for a substantial increase in peak force with slight loss in the energy
absorption over the other composite configurations with higher proportion of zirconia fillers. The
green demarcation line in the plots also indicates Z15 could be the least preferred material due to the
significant loss in energy absorption while having greater damage area. The prominent loss in energy
absorption characteristics and increase in the damage area at higher filler loading of ZrO2-graphene
oxide filler was also observed for the basalt/epoxy composite and the inferior damage tolerance beha-
viour has been associated with the agglomeration of the ZrO2-graphene filler and their non-uniform
dispersion within the matrix [26].

4. Conclusion

The damage tolerance behaviour of the jute/epoxy composite filled with zirconium dioxide (ZrO2) filler
from 5 wt% to 15 wt% subjected to low velocity impact was examined in this work. Addition of ZrO2

filler enhances the load bearing ability of the jute/epoxy composite with the improvement of
approximately 12%—15%. The extent of damage and energy absorbing ability was influenced by the
filler loading. Higher filler loading was detrimental to the impact performance as observed from the
decline in energy absorption primarily due to nanoparticle agglomeration and the embrittling effect at
higher loadings. The observed failure mechanisms were dominated by longitudinal and transverse
cracks, with higher filler concentrations promoting the formation of multiple fine transverse cracks.
Notably, ultrasonic C-scan analysis provided deeper insight into subsurface delamination and amore
realistic representation of the damage footprint compared to optical image-based evaluation. Overall,
the jute/epoxy composite with 10 wt% ZrO2 reinforcement exhibited an optimal balance of improved
peak load resistance and reduced damage area, making it a promising candidate for applications such as
UAV airframes, automotive panels, and protective casings where lightweight design andmoderate
impact resistance are required.

Figure 10.Microstructural images from the scanning electronmicroscope (a)Z0, (b)Z5, (c)Z10 and (d)Z15.
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