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EffEct of Zirconia and GraphEnE nanoparticlEs loadinG on thErmo-mEchanical pErformancE 
of hybrid polymEr nanocompositE 

This study demonstrates the development of a unique hybrid thermoplastic composite using reduced graphene oxide (rgO) 
content and Zirconia (ZrO2) nanoparticles into the ultra-high molecular Weight Polyethylene (uhmWPe) biomaterials for con-
tinuous loading conditions. Specimens with different loadings of rgO (0 to 1.5 wt.%) and ZrO2 (5 to 10 wt.%) were fabricated 
using liquid phase ultrasonication followed by the hot press moulding method. The samples were analyzed using Thermogravi-
metric analysis (Tga), impact (izod) testing, and Dynamic mechanical analysis (Dma). The developed material feasibility was 
assessed using Scanning electron microscopy (Sem) and energy Dispersive X-ray (eDX) analyses. The findings revealed that 
the 1 wt.% rgO/5 wt.% ZrO2/uhmWPe sample improved the storage modulus by 66.15%, and the impact absorbed energy by 
11.33% compared to the pristine uhmWPe. The proposed nanocomposite could be endorsed for artificial joints, prostheses, and 
other artificial Bio-Bearing (aBB) applications.

Keywords: Zirconia; graphene; nanocomposite; uhmWPe; Polymer

1. introduction

Over the last two decades, the mechanical and tribological 
performance of artificial implants and bio-liners components has 
become a prominent research area for academia and manufactur-
ing industries. The tailored design, durability, ease of fabrication, 
and cost issue of polymeric implants are comparatively better 
than metallic orthopedic components [1]. The body parts of each 
person differ in design, working environment, loading condi-
tion, injury effect, and size of the persons. The varying design 
and shapes in the orthopedic component are critical issues for 
biomedical manufacturing industries. another critical issue is the 
component or artificial implant loading condition during working 
hours, sometimes at higher temperatures and pressure than the 
ambient loading conditions could cause abnormal performance. 
it can lead to the failure of the product and causes accidental in-
juries. in this series, ultra-high molecular Weight Polyethylene 
(uhmWPe) is widely used in biomedical parts due to enhanced 
durability, wear resistance, and biocompatibility. Studies have 
proven that it could be recommended for orthopedic applica-
tions for high-loading conditions, but sometimes it fails under 
continuous fatigue loading due to limited thermomechanical 
characteristics [2]. uhmWPe’s presence in the periprosthetic 

environment has also been linked to the onset of osteolysis and 
subsequent implant loosening. uhmWPe-based composites’ 
tribological and mechanical efficiency can be enhanced by 
various treatments, including surface modifications, irradia-
tion, and reinforcement supplement [3]. uhmWPe implants, 
however, have a short lifespan because of wear issues (due to 
cartilage damage, overweight, birth abnormalities, fractures, or 
bone-crushing) [4]. among the various innovative methods, re-
inforcement with nanofillers has emerged a great deal in modern 
times. various nanofillers such as gold nanoparticles (aunPs), 
hydroxyapatite (hap), Zinc Oxide (ZnO), Silver nanoparticles 
(agnPs), Bioactive glass nanoparticles (Bgn), yttrium oxide 
(y2O3), carbon nanotubes (CnTs), multiwall carbon nanotubes 
(mWCnTs), graphene nanoplatelets (gnPs), aluminum Oxide 
(al2O3), graphene Oxide (gO) [5] are the broadly used ap-
proaches by eminent scholars in this field and hunt for better 
fillers is still going on. it has been noted that most investigations 
are limited to adding a single nanofiller; very little data exists on 
adding two or more types of filler material supplements. 

in this series, Sughanthy et al. investigated the effect of hap 
in a Polyethylene terephthalate (PeT) matrix by the Dynamic 
mechanical analysis (Dma) test. They concluded that PeT-ha 
nano-bio composite scaffold offers tissue engineering potential, 
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and ha inclusion significantly improved the mechanical per-
formance. The PeT-ha nano-biocomposite scaffold consisting 
of 98% PeT and 2% ha was preferred because it had lower 
storage and loss modulus than required for skin applications [6]. 
Duraccio et al. studied uhmWPe’s mechanical and biological 
characteristics of (80-20 wt.%) alumina Toughened Zirconia 
(aTZ). Both improvement in hardness and elastic modulus and 
yield stress with the addition of small wt.% of (2.5%) aTZ. The 
developed composites showed good viscoelastic properties as per 
the findings of the Dma test. Dayyoub et al. elaborated on the 
effect of graphene nanoplates (gnPs) and Polyaniline(Pani) 
on the Structure and mechanical Properties of uhmWPe films. 
functionalized gnPs reinforced uhmWPe sheets by deposi-
tion Pani. The effect of this functionalization seems to reduce 
the aggregation of fillers in the polymer matrix. incorporating 
only 2 wt.% gnP/Pani shows improvement in crystallinity 
and tensile strength (45%). 1 wt.% gnP/Pani showed a 32% 
increase in young’s modulus. The highest storage modulus was 
achieved by 2 wt.% uhmWPe/gnP/Pani. also, compared to 
virgin uhmWPe films, the loss modulus values for the uh-
mWPe/gnP/Pani films had increased with higher film shape 
memory [7]. maher et al. experimented on the ceramic(alumina) 
filler’s impact properties for the effect of the acetabular liner. 
The liners are tested for 23, 21, 15, and 12 kn forces, and the 
tested samples stand in good condition with 12 kn suggesting 
impact is not always a factor behind ceramic liner failure[8]. 
The findings of amurin et al. also highlight the improvement 
of impact properties of uhmWPe with little rgO (0.25 wt.%) 
content within the uhmWPe matrix, and the results decline at 
further incorporation of rgO. The rgO reinforcement provides 
a favorable effect on hardness, tensile strength, and wears resist-
ance [9]. The findings of eminent scholars signify the desired 
improvement in the polymer matrix’s mechanical, thermal and 
tribological aspects. recently, innovative polymer composites 
incorporating graphene fillers have gained much interest. among 

these fillers, reduced graphene oxide (rgO) has been accepted 
extensively due to its unique chemical functionality, electrical 
characteristics, superior aqueous solution dispersity, etc. also, 
rgO can increase the mechanical properties of multifunctional 
polymer composites [10]. Zirconium dioxide (ZrO2) has many 
applications owing to its exceptional features, such as high hard-
ness, high elastic modulus, and high melting temperature [11].

few studies were conducted on reduced graphene oxide 
(rgO) nanoparticles as reinforcement in uhmWPe polymers. 
also, it has been remarked that using Zirconium oxide (ZrO2) 
and reduced graphene oxide (rgO) as bifiller nanofillers is very 
limited in existing works. The purpose of using such a combina-
tion is that rgO has greater biosafety and stability in vivo than 
gO. for tissue engineering, cell culture, and other medicinal 
applications, rgO is a biocompatible class of material [12]. Zir-
conium is a transition metal with excellent corrosion resistance 
and increased mechanical, catalytic, and thermal qualities [13]. 
Both fillers have good biocompatibility and characteristics as 
needed by various biomaterials used in the human body. The 
present work aims to investigate the use of bifiller (rgO/ZrO2) 
for uhmWPe base properties modification. an attempt has been 
made to overcome the constraints of conventional uhmWPe 
polymeric composites by using two nanofiller materials for im-
proved physiomechanical performance. The current work aims 
to develop the cost-effective and mechanically efficient materials 
required for implants, prostheses, joint replacement, orthopedic, 
and other biomedical applications. 

2. Experimentation

2.1. method and methodology

Bio-nanocomposite fabrication is illustrated in fig. 1. 
first of all, both the nanofillers Zirconia; ZrO2 (30-50 nm) and 

fig. 1. fabrication procedure of bifiller-modified nanocomposites
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reduced graphene oxide; rgO (98-99%, green synthesized- 
vitamin C) and uhmWPe Bio-medical grade (3×106 to 6×106 
g/mol average molecular weight) are ultrasonicated for about 1 
hour at 50 hertz (hz) in three separated beakers in the presence 
of acetone (Purity % > 99%, rankem) as a liquid medium for 
sonication. afterward, all the mixtures are poured into a glass 
beaker and sonicated for another 60 minutes. The resultant 
mixture is stirred for 120 minutes at 450 revolutions per minute 
(rpm) at 75°C. This removes the maximum solvent traces from 
the mixture.

followed by heating in a hot air oven at 80°C until it gets 
dried. The resultant nonpowered mixture is then ball milled and 
filled in mild steel die, and silicone oil is used as a lubricant. The 
die is transferred to the hot air oven for 2 hours (@200°C) and 
hot-pressed (@100 bar) using a hydraulic machine.

after colling, the necessary american Society for Testing 
and materials (aSTm) standards specimen is fabricated, as 
shown in TaBle 1. an in vitro study was conducted to study 
Dma, thermal stability, and impact strength of ZrO2/rgO modi-
fied uhmWPe nanocomposite samples.

2.2. characterization of developed polymer 
nanocomposites

The dynamic mechanical investigation was carried out using 
a single simply supported beam model in a dynamic mechanical 
analyzer (Dma-neTZSCh-242 C, 80 mm (length) × 10 mm 
(width) × 4 mm (height)). Dma experiments were performed at 
temperatures ranging from ambient to 150°C, the test frequency 
is 1 hz, nitrogen is introduced, and a heating rate of 3°C/min. 
impact performance is tested (aSTm D256-63.5 mm × 12.7 mm 
× 3 mm) using an impact (izod) testing equipment (TiniuS 

OlSen 104) with an operating range of 0-25 j. at least three 
tests were carried out on each nanocomposite material of dif-
ferent compositions. The thermal stability is analyzed by Tga 
(Discovery-Tga 55, temperature accuracy ±1°C) for 30° to 
700°C under a nitrogen environment. also, feSem (Tenscan) 
and eDaX (ametek) are done to study the dispersion of bifiller 
in the polymer matrix.

3. results and discussions

The thermal-mechanical characterization of neat uhm-
WPe and rgO/ZrO2-based uhmWPe bio-nanocomposites 
was achieved via Dma tests TaBle 2 displays the physio-
mechanical result of pure uhmWPe as well as a series of 
nanocomposites that include bi-fillers.

The Dma plots clearly exposed the increase in storage and 
loss moduli with increasing filler content in mega Pascal (mPa). 
fig. 2(a-c) shows the comparison of Dma results of pristine uh-
mWPe and various bifiller-filled bio nanocomposites. fig. 2(a) 
shows that 0.5 wt.% rgO and 10 wt.%ZrO2 filled uhmWPe does 
not significantly change in storage modulus compared to pris-
tine uhmWPe. however, all other bio nanocomposites except 
1 wt.% rgO and 10wt.%ZrO2 showed improvement in storage 
modulus. maximum enhancement is seen with 1 wt.%rgO and 
5 wt.%ZrO2 by 66.15% and 1.5 wt.%rgO and 10 wt.%ZrO2 by 
70.12% filled uhmWPe in comparison to pristine uhmWPe 
[14]. This increase in storage modulus gives excellent potential 
for reinforcement within the polymer matrix. The substantial 
increase in E′ was mainly attributed to the excellent dispersion 
of bifiller in the matrix and improved stress transfer between the 
matrix and bifiller [15]. as the temperature went up, the e’ value 
showed a decline, which may be because of the side chain seg-

TaBle 1

nomenclature of developed bio-nano composite

coding description no. of samples
1
2
3
4
5
6
7

0.0r/0.0Z-uh
0.5r/5.0Z-uh
0.5r/10Z-uh
1.0r/5.0Z-uh
1.0r/10Z-uh
1.5r/5.0Z-uh
1.5r/10Z-uh

Pristine-uhmWPe
uhmWPe with 5.0% ZrO2 and 0.5% rgO
uhmWPe with 10% ZrO2 and 0.5% rgO
uhmWPe with 5.0% ZrO2 and 1.0% rgO
uhmWPe with 10% ZrO2 and 1.0% rgO
uhmWPe with 5.0% ZrO2 and 1.5% rgO
uhmWPe with 10% ZrO2 and 1.5% rgO

3
3
3
3
3
3
3

TaBle 2

Physio-mechanical result of pristine and bifiller uhmWPe nanocomposites

sample nomenclatures E′ 30°C (MPa) E″ 30°C (MPa) tg, tanδ (°C) tα (°C)
uh 911.54 107.21 119.27 56.51

0.5r/5.0Z-uh 1156.53 110.06 124.85 55.40
0.5r/10Z-uh 875.38 79.55 124.28 58.33
1.0r/5.0Z-uh 1514.60 124.27 126.68 59.98
1.0r/10Z-uh 694.05 56.98 122.17 60.59
1.5r/5.0Z-uh 1151.95 100.38 126.41 60.58
1.5r/10Z-uh 1550.76 135.28 127.18 61.02
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ments’ thermal motions because of the increased thermal energy. 
This is also because the physical interaction between the matrix 
and bifiller in the composites makes the mechanical interlocking 
stronger. however, when thermal motions increase, the polymer 
chain shrinks less across the nanoparticles, resulting in a smaller 
temperature-dependent rise in storage modulus. The decrease in 
storage modulus for 1 wt.% rgO and 10 wt.%ZrO2 may be due 
to the combined effect of increased bifiller nanoparticles within 
the pristine polymer matrix, which may lead to aggregation and 
voids, thus reducing the extent of dispersion between bifiller and 
polymer matrix [16,17].

energy dissipation in filled composites is commonly char-
acterized by plotting the loss moduli (e”) vs. temperature plot 
(fig. 2(b)). This relates to material stress and elongation. The 
loss modulus was observed to grow in relation to the amount of 
bifiller used. moreover, adding bifiller causes the loss-peak width 
to expand, indicating that a more significant proportion of poly-
mer chains contribute to the energy dissipation process due to the 
interaction between the matrix and the filler [17]. The e” curve 
of uhmWPe exhibits a peak at 56.7°C. This can also be identi-
fied as an alpha star transition (Tα) associated with the slippage 
between crystallites, considering that it is a semicrystalline poly-
mer [18]. Compared to pure uhmWPe, the loss modulus of the 

1 wt.% rgO/5 wt.%ZrO2/uhmWPe nanocomposite was higher. 
The prevailing viscous behavior of the rgO/ZrO2/uhmWPe 
might account for these behaviors. The mechanical restraints of 
the materials may be increased by modification of the uhmWPe 
with rgO/ZrO2, resulting in a lower degree of flexibility in the 
resulting rgO/ZrO2 /uhmWPe nanocomposite [7,19]. fig. 2(c) 
presents tan(δ) of pristine UHMWPE, and the rGO/ZrO2 filled 
composites; slight improvement in glass transition temperature 
is shown in tan(δ) vs. temperature plots due to the addition of 
bifiller(rgO/ZrO2). The loss tangent as a function of tempera-
ture elaborates the damping response of rgO/ZrO2/uhmWPe 
nanocomposite. a material’s energy dissipation potential, or 
tan δ, is defined as the ratio of its viscous response to its elastic 
response. The damping parameter was found to be between 0.07 
and 0.09 in the solid-state transition regime (β and γ transitions) 
[15]. The rgO/ZrO2/uhmWPe composite with 1 wt.% rgO and 
5 wt.%ZrO2 had the lowest value of tanδ at a temperature of 30°C. 
The lowest value of tanδ at 30°C temperature for the rGO/ZrO2/
uhmWPe was obtained for 1 wt.% rgO and 5 wt.%ZrO2. Thus, 
the composites exhibit a more elastic behavior [7]. it also showed 
that along with adding rgO/ZrO2, the α peak shifted to a higher 
temperature; this specified that the melting temperature (Tm) of 
composite materials increased. Thus, of all the developed bio-
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fig. 2. (a) Describe the Storage modulus (e’) mPa vs. Temperature (°C) plot for various developed bio-nanocomposites. (b) Describe the loss 
modulus (E’’) MPa vs. Temperature (°C) plot for various developed bio-nanocomposites. (c) Describe the Damping factor (tanδ) (°C) vs. Tem-
perature (°C) plot for various developed bio-nanocomposites
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nanocomposites 1 wt.% rgO and 5 wt.%ZrO2 filled uhmWPe 
is the most suitable candidate in relation to viscoelastic proper-
ties. Similar behavior was observed by Duraccio et al. studied 
the effect of alumina-zirconia loading in the uhmWPe polymer 
matrix [20]. This novel nanocomposite’s improved mechanical 
processability might replace neat uhmWPe in biomedical ap-
plications such as acetabular cup liners, knee, shoulder, and finger 
joint wear components. it can also be used to develop external 
and internal prostheses.

The impact properties of any polymer matrix composite 
material are closely connected to the material’s overall tough-
ness. The izod test gives information about the amount of kinetic 
energy needed to start a crack and let it spread to the point of 
failure. a rise in impact strength was observed in the bifiller-
filled composites when rgO and ZrO2 inclusions were added 
at various weight percentages, as shown in fig. 3, compared 
to neat uhmWPe. This suggests that adding more rgO and 
ZrO2-based nanofiller to the polymer matrix could help the com-
posites absorb more impact energy. Because of the lubricating 
properties of rgO, the composite acquires a ductile character 
[21]. as a result, it can absorb a more significant impact while 
simultaneously protecting the core from direct impact. Because 
of this, higher impact energy would be required before the 
sample would crack [22]. The impact energy absorbed by neat 
rgO/ZrO2-uh composite was found to be in the range of 2.601 
to 2.896 j. however, in rgO/ ZrO2-uh dispersed composite 
specimens, the highest impact energy was obtained in the 1.0% 
rgO and 5 wt.% ZrO2 filled uhmWPe composite. impact en-
ergy for uhmWPe-neaT was 2.601 j, uhmWPe with 5.0% 
ZrO2 and 0.5% rgO was 2.697 j, uhmWPe with 10% ZrO2 
and 0.5% rgO was 2.796 j, uhmWPe with 5.0% ZrO2 and 
1.0% rgO was 2.896j, uhmWPe with 10% ZrO2 and 1.0% 
rgO was 2.489 j, uhmWPe with 5.0% ZrO2 and 1.5% rgO 
was 2.840 j and uhmWPe with 10% ZrO2 and 1.5% rgO was 
2.675 j respectively.

The impact energy for the 5.0% ZrO2 and 1.0% rgO-uh 
was increased by 11.33% compared to the neat sample of uhm-
WPe. a similar trend was also observed in evaluating the impact 

strength of developed composite materials. impact strength 
for 5.0% ZrO2 and 1.0% rgO-uh is found to be 89.07 Kj/m2, 
which is maximum in comparison to various developed samples 
obtained by the izod test is the amount of kinetic energy required 
to originate a fracture and propagate the crack to the whole way 
through to the point of failure. adding 5% ZrO2 and 1% rgO 
into uhmWPe increases impact strength by forming cross-links 
or supramolecular bonds that shield the nanofillers and prevent 
crack propagation. Therefore, a bifiller (ceramic/carbon) addition 
to uhmWPe improves impact strength by preventing fracture 
propagation and wetting the nanofillers thoroughly. The impact 
strength was improved by using lower ceramic/carbon fillers 
content dispersed evenly throughout the uhmWPe matrix 
[23,24]. a negative trend is seen with higher filler loading. This 
may be due to the aggregation of nanofillers, resulting in the 
degradation of impact properties and the stress concentration 
within the polymer matrix. in the large particle agglomerations, 
cracks were able to propagate through weak places in the polymer 
matrix, resulting in the sample’s brittleness and poor dispersion 
of particles in the composites; this causes a route of vulnerable 
regions inside the polymer matrix [24-26]. 

Scanning electron micrographs under high resolutions 
(5.00 kx) in fig. 4 show that pristine and all other nanocompos-
ites have lamellae and fibrillar junctions throughout the compos-
ites, as indicated in fig. 4(a). Due to the excellent dispersion of 
bifiller (rgO and ZrO2) within the polymer matrix (uhmWPe), 
robust interfacial interaction is observed, as shown in fig. 4(b-d).

at 0.5 wt.% rgO and varying ZrO2 wt.% (5 and 10 wt.%), 
a good interfacial connection is observed and is maximum in 
1.0r/5.0Z-uh. With the incorporation of bifiller rgO and ZrO2, 
the planer morphology of the composites becomes wavy (river-
wave-like) and is increased with the increase of nanofiller amount 
within nanocomposites. The minor agglomeration zones are 
observable at lower filler content, as seen in 0.5r/10Z-uh, and 
are maximum at 1.0r//10Z-uh (fig. 4(e-g)). micro voids also 
rise with bifiller concentrations over 1 wt.% rgO and 5 wt.% 
ZrO2. This decreases mechanical characteristics compared to the 
optimum sample (1 wt.% rgO and 5 wt.% ZrO2) [27].

fig. 3. impact strength and impact energy graphs for various bio-nanocomposites
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as clearly seen from the eDaX results, the dispersion of 
bifiller within the polymer matrix is uniform throughout the 
matrix at lower wt.% of fillers content. The presence of oxygen 
throughout the nanocomposites shows the excellent distribution 
of rgO within the matrix. fig. 5(a-b) shows eDaX scans of the 
pristine and 1.0r/5.0Z-uh. The green, blue and red dots specify 
the amount of oxygen, zirconia, and carbon present within the 
nanocomposites due to the combined effect of matrix and rgO 
reinforcements. 

eDaX suggests good dispersion, as indicated by Sem 
micrographs. also, the sum spectra obtained by eDaX Scan 
highlight the peaks for various elements present in the developed 

nanocomposites [11]. from the combined results, it can be stated 
that the adopted methodology is relatively superior and suitable 
for the development of highly physio-mechanical properties 
enriched specimens.

Tga of pure uhmWPe and rgO/ZrO2/uhmWPe blends 
was carried out to assess the effects of blend composition on 
the thermal stability of the polymers. Thermo-gravimetric (Tg) 
curves of uhmWPe and its composites are shown in fig. 6. 
virgin uhmWPe decomposition curves had 5 areas character-
ized by 4 temperature points [28] T0, T1, T2, and T3. at first, 
the weight of the sample stays constant, but then it gradually 
increases until it reaches a peak at T0. The melting of the crys-

fig. 4. Sem micrographs of: a) Pristine uhmWPe, b) 0.5r/5.0Z-uh, c) 0.5r/10Z-uh, d) 1.0r/5.0Z-uh, e) 1.0r/10Z-uh, f) 1.5r/5.0Z-uh, 
g) 1.5r/10Z-uh

fig. 5. eDaX results of: (a) Pristine uhmWPe (b) 1.0r/5.0Z-uh
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talline components of the uhmWPe releases some air into the 
sample. Once the oxidation cycle begins, samples lose mass at 
a non-linear rate until T1. afterward linear decline in sample 
weight is noticed due to pure thermal deterioration from T1 to T2. 
When heated to T3, after complex oxidation and volatilization, 
the residue is left only. The Tg curves of rgO/ZrO2/uhmWPe 
composites are similar in form to those of the neat polymer but 
with minor differences in the slopes of the curves and the loca-
tions of the temperatures that compose the separate degradation 
zones (TaBle 3). When compared to the unfilled polymer, T0 
doesn’t change much for any of the nanocomposites. With the 
increase in bifiller (rgO/ZrO2) content within the uhmWPe 
for T0-T1 (range), with increasing the rgO/ZrO2, the slope of 
the weight loss gets steeper.

On the other hand, T1 is the same for both pure polymers, 
1.0r/10Z-uh and 0.5r/10Z-uh, whereas all other nanocompos-
ites show an increase of T1 temperature. The T2 and T3 show 
improvement in all bifiller-filled nanocomposites. from the 
above study, it can be assessed that adding rgO and ZrO2 favors 
the thermal stability of the developed nanocomposites. also, the 
residue left after 700°C temperature for nanofiller (rgO/ZrO2) 
filled polymer matrix suggests improved thermal stability of the 
developed nanocomposites. a similar trend is found by Durac-
cio et al. [20] and yousef. et al. [29] with alumina-zirconia and 
graphene oxide.

TaBle 3

Decomposition temperatures of uhmWPe and rgO/ZrO2/uhm-
WPe nanocomposites by Tga

samples to (°C) t1 (°C) t2 (°C) t3 (°C)
uh 223 ±1 403±1 467±1 510±1

0.5r/5.0Z-uh 204±1 417±1 468±1 510±1
0.5r/10Z-uh 223±1 403±1 474±1 512±1
1.0r/5.0Z-uh 212±1 416±1 476±1 514±1
1.0r/10Z-uh 223±1 403±1 469±1 514±1
1.5r/5.0Z-uh 216±1 411±1 470±1 515±1
1.5r/10Z-uh 221±1 417±1 469±1 519±1

4. conclusion

in this paper, the rgO/ZrO2 was used to improve the ther-
mal, dynamic mechanical, and impact of the uhmWPe poly-
meric material used in various articulation liners of the human 
body. The conclusions of the investigation of morphological and 
various testing are discussed below:
1. The produced polymeric nanocomposite exhibits strong 

adhesion between fillers and matrix for 1 wt.% rgO and 
5 wt.%ZrO2, as determined by Sem and energy dispersive 
X-ray spectroscopy. The eDaX also demonstrates the ef-
ficacy of ultrasonication and ball milling in dispersing rgO 
and ZrO2 fillers at 1 wt.% and 5 wt.%, respectively. 

2. according to Dma and izod impact findings, 1 wt.% rgO 
and 5 wt.% ZrO2 nanoparticles in uhmWPe may serve as 
efficient reinforcement by increasing viscoelastic stiffness 
and impact strength.

3. Storage modulus values for the rgO/ZrO2/uhmWPe 
nanocomposite were increased for lower rgO, and ZrO2 
content compared to pristine uhmWPe and are highest 
for 1 wt.% rgO and 5 wt.% ZrO2 content composite.

4. The loss modulus of the rgO/ZrO2/uhmWPe nanocom-
posite of 1 wt.% rgO and 5 wt.%ZrO2 was higher than the 
loss modulus of the virgin uhmWPe, which means that 
there had been a decrease in the flexibility of the developed 
nanocomposite with lower filler content. for 10 wt.% ZrO2, 
both storage modulus and loss modulus decline compared 
to unfilled polymer indicating unstable structure and large 
accumulation zones.

5. Tga results suggest the improvement of thermal stability 
of all the developed nanocomposites with respect to pristine 
uhmWPe. These temperature ranges are highly desired 
for bio-bearing component development.
This study shows that ZrO2/rgO nano-fillers can efficiently 

produce bio nanocomposite samples in different nanofiller per-
centages. This combination has increased the impact strength and 
thermomechanical performance. an improvement of 11.33% is 
observed for impact energy in 1 wt.% rgO and 5 wt.% ZrO2 com-
posite with respect to pristine uhmWPe. The bifiller-reinforced 
nanocomposite (ZrO2/rgO-uhmWPe) can be endorsed for the 
production of prostheses, liner materials in joint replacement, and 
artificial Bio-Bearing (aBB) components. Therefore, based on 
the above study’s findings, 1 wt.% rgO and 5 wt.% ZrO2 may 
be a decent choice for manufacturing acetabular cub liners and 
fabricating various joints and internal-external implants with 
superior mechanical capabilities compared to pristine uhm-
WPe. in the future, the inclusion of another type of carbon-based 
nanoparticles (CBns) could be tested for other configurations 
of orthopedic components. 

referenCeS

[1] T.T. Dang, m. nikkhah, a. memic, a. Khademhosseini, Poly-
meric Biomaterials for implantable Prostheses, in: S.g. Kumbar, 

fig. 6. Tga scan for various developed bio-nanocomposites



586

C.T. laurencin, m. Deng (eds.), natural and Synthetic Biomedical 
Polymers 2014, elsevier inc. 2014. 

 DOi: https://doi.org/10.1016/B978-0-12-396983-5.00020-X
[2] r. Scholz, m. Knyazeva, D. Porchetta, n. Wegner, f. Senatov, 

a. Salimon, S. Kaloshkin, f. Walther, Development of biomimetic 
in vitro fatigue assessment for uhmWPe implant materials, 
j. mech. Behav. Biomed. mater. 85 (5), 94-101 (2018). 

 DOi: https://doi.org/10.1016/j.jmbbm.2018.05.034
[3] D.K. Singh, r.K. verma, Contemporary Development on the Per-

formance and functionalization of ultra high molecular Weight 
Polyethylene (uhmWPe) for Biomedical implants. nano life 
11 (03), 2130009 (2021). 

 DOi: https://doi.org/10.1142/s1793984421300090
[4] K. mordal, a. Szarek, analysis of Stresses and Strains Distribu-

tion of Polyethylene Cups in hip joint endoprosthesis at various 
articular joints and friction Conditions. arch. metall. mater. 66 
(2), 523-530 (2021). 

 DOi: https://doi.org/10.24425/amm.2021.135888
[5] S.g.a. Park, abdal-hay, j.K. lim, Biodegradable poly (lactic 

acid)/multiwalled carbon nanotube nanocomposite fabrication 
using casting and hot press techniques. arch. mech. eng. 60 (2), 
1557-1559 (2015). 

 DOi: https://doi.org/10.1515/amm-2015-0172
[6] S.a.P. Sughanthy, m.n.m. ansari, a. atiqah, Dynamic mechanical 

analysis of polyethylene terephthalate / hydroxyapatite biocom-
posites for tissue engineering applications. j. mater. res. Technol. 
9 (2), 2350-2356 (2020). 

 DOi: https://doi.org/10.1016/j.jmrt.2019.12.066
[7] T. Dayyoub, a.v maksimkin, S. Kaloshkin, e. Kolesnikov, 

D. Chukov, T.P. Dyachkova, i. gutnik, The structure and mechani-
cal properties of the uhmWPe films modified by the mixture of 
graphene nanoplates with polyaniline. Polymers (Basel). 11 (1), 
1-14 (2019). 

 DOi: https://doi.org/10.3390/polym11010023
[8] S.a. maher, j.D. lipman, l.j. Curley, m. gilchrist, T.m. Wright, 

mechanical performance of ceramic acetabular liners under impact 
conditions. j. arthroplasty 18 (7), 936-941 (2003). 

 DOi: https://doi.org/10.1016/S0883-5403(03)00335-8
[9] l.g. amurin, m.D. felisberto, f.l.Q. ferreira, P.h.v. Soraes, P.n. 

Oliveira, B.f. Santos, j.C.S. valeriano, D.C. de miranda, g.g. Sil-
va, multifunctionality in ultra-high molecular weight polyethylene 
nanocomposites with reduced graphene oxide: hardness, impact 
and tribological properties. Polymer (guildf). 240, 124475 (2022). 
DOi: https://doi.org/10.1016/j.polymer.2021.124475

[10] g. Pavoski, T. maraschin, m.a. milani, D.S. azambuja, r. Qui-
jada, C.S. moura, n. de Sousa Basso, g.B. galland, Polyethylene/
reduced graphite oxide nanocomposites with improved mor-
phology and conductivity. Polymer (guildf). 81, 79-86 (2015). 
DOi: https://doi.org/10.1016/j.polymer.2015.11.019

[11] m. Salari, S. mohseni Taromsari, r. Bagheri, m.a. faghihi 
Sani, improved wear, mechanical, and biological behavior of 
uhmWPe-hap-zirconia hybrid nanocomposites with a prospec-
tive application in total hip joint replacement. j. mater. Sci. 54 
(5), 4259-4276 (2019). 

 DOi: https://doi.org/10.1007/s10853-018-3146-y

[12] S. Kesarwani, r.K. verma, a Critical review on Synthesis, 
Characterization and multifunctional applications of reduced 
graphene Oxide (rgO)/Composites. nano 16 (9), 2130008 (2021). 
DOi: https://doi.org/10.1142/S1793292021300085

[13] e.a. albanés-Ojeda, r.m. Calderón-Olvera, m. garcía-hipólito, 
D. Chavarría-Bolaños, r. vega-Baudrit, m.a. Álvarez-Perez, 
O. alvarez-fregoso, Physical and chemical characterization of 
Pla nanofibers and Pla/ZrO2 mesoporous composites synthe-
sized by air-jet spinning. indian j. fibre Text. res. 45 (1), 57-64 
(2020).

[14] e.h. Backes, l.D.n. Pires, C.a.g. Beatrice, l.C. Costa, f.r. Pas-
sador, l.a. Pessan, fabrication of Biocompatible Composites of 
Poly (lactic acid)/hydroxyapatite envisioning medical applica-
tions. Polym. eng. Sci. 60 (3), 636-644 (2020). 

 DOi: https://doi.org/10.1002/pen.25322
[15] h.S. jaggi, S. Kumar, D. Das, B.K. Satapathy, a.r. ray, morpho-

logical correlations to mechanical performance of hydroxyapatite-
filled hDPe/uhmWPe composites. j. appl. Polym. Sci. 132 (1), 
1-10 (2015). DOi: https://doi.org/10.1002/app.41251

[16] m.a. Bashir, use of Dynamic mechanical analysis (Dma) for 
Characterizing interfacial interactions in filled Polymers. Solids. 
2 (1), 108-120 (2021). 

 DOi: https://doi.org/10.3390/solids2010006
[17] K. Sewda, S.n. maiti, Dynamic mechanical properties of high-

density polyethylene and teak wood flour composites. Polym. 
Bull. 70 (10), 2657-2674 (2013). 

 DOi: https://doi.org/10.1007/s00289-013-0941-0
[18] l.m. lozano-Sánchez, i. Bagudanch, a.O. Sustaita, j. iturbe-ek, 

l.e. elizalde, m.l. garcia-romeu, a. elías-Zúñiga, Single-point 
incremental forming of two biocompatible polymers: an insight 
into their thermal and structural properties. Polymers (Basel). 10 
(4), 391 (2018). 

 DOi: https://doi.org/10.3390/polym10040391
[19] y.a. Kang, S.h. Oh, j.S. Park, Properties of uhmWPe fab-

ric reinforced epoxy composite prepared by vacuum-assisted 
resin transfer molding. fibers Polym. 16 (6), 1343-1348 (2015). 
DOi: https://doi.org/10.1007/s12221-015-1343-8

[20] D. Duraccio, v. Strongone, g. malucelli, f. auriemma, C. De 
rosa, f.D. mussano, T. genova, m.g. faga, The role of alumina-
zirconia loading on the mechanical and biological properties of 
uhmWPe for biomedical applications. Compos. Part B. 164 (1), 
800-808 (2019). 

 DOi: https://doi.org/10.1016/j.compositesb.2019.01.097
[21] D. Berman, a. erdemir, a.v. Sumant, graphene: a new emerging 

lubricant. mater. Today. 17 (1), 31-42 (2014). 
 DOi: https://doi.org/10.1016/j.mattod.2013.12.003 
[22] n. Dalai, P.S.r. Sreekanth, uhmWPe / nanodiamond nano-

composites for orthopaedic applications: a novel sandwich 
configuration-based approach. j. mech. Behav. Biomed. mater. 
116 (9), 104327 (2021). 

 DOi: https://doi.org/10.1016/j.jmbbm.2021.104327
[23] i.n. Safi, h.K. a., ali n.a., assessment of zirconium oxide nano-

fillers incorporation and silanation on impact, tensile strength and 
color alteration of heat polymerized acrylic resin. j. baghdad Coll. 
Dent. 24 (2), 36-42 (2012). 

https://doi.org/10.1016/B978-0-12-396983-5.00020-X
https://doi.org/10.1016/j.jmbbm.2018.05.034
https://doi.org/10.1142/s1793984421300090
https://doi.org/10.24425/amm.2021.135888
https://doi.org/10.1515/amm-2015-0172
https://doi.org/10.1016/j.jmrt.2019.12.066
https://doi.org/10.3390/polym11010023
https://doi.org/10.1016/S0883-5403(03)00335-8
https://doi.org/10.1016/j.polymer.2021.124475
https://doi.org/10.1016/j.polymer.2015.11.019
https://doi.org/10.1007/s10853-018-3146-y
https://doi.org/10.1142/S1793292021300085
https://doi.org/10.1002/pen.25322
https://doi.org/10.1002/app.41251
https://doi.org/10.3390/solids2010006
https://doi.org/10.1007/s00289-013-0941-0
https://doi.org/10.3390/polym10040391
https://doi.org/10.1007/s12221-015-1343-8
https://doi.org/10.1016/j.compositesb.2019.01.097
https://doi.org/10.1016/j.mattod.2013.12.003
https://doi.org/10.1016/j.jmbbm.2021.104327


587

[24] S. Watcharamaisakul, B. Sindhupakorn, a. lepon, effect of 
graphite addition on mechanical Properties of uhmwpe for use 
as Tibia insert Bio composite materials. Suranaree j. Sci. Technol. 
24 (2), 105-111 (2017).

[25] a. Kiziltas, S. Tamrakar, j. rizzo, D. mielewski, Characterization 
of graphene nanoplatelets reinforced sustainable thermoplastic 
elastomers. Compos. Part C Open access. 6 (7), 100172 (2021). 
DOi: https://doi.org/10.1016/j.jcomc.2021.100172

[26] B. Suresha, a. Padaki, a. jain, B. Kumar, a.a. Kulkarni, role 
of Zirconia filler on mechanical Properties of hDPe/uhmWPe 
Blend Composites. appl. mech. mater. 895, 272-277 (2019). 
DOi: https://doi.org/10.4028/www.scientific.net/amm.895.272

[27] B.j. ash, r.W. Siegel, l.S. Schadler, mechanical Behavior of 
alumina/Poly (methyl methacrylate) nanocomposites. macro-
molecules 37 (4), 1358-1369 (2004). 

 DOi: https://doi.org/10.1021/ma0354400 
[28] S. Suñer, r. joffe, j.l. Tipper, n. emami, ultra-high molecular 

weight polyethylene/graphene oxide nanocomposites: Thermal, 
mechanical and wettability characterization. Compos. Part B eng. 
78, 185-191 (2015). 

 DOi: https://doi.org/10.1016/j.compositesb.2015.03.075 
[29] n. yousefi, X. lin, Q. Zheng, X. Shen, j.r. Pothnis, j. jia, e. Zuss-

man, j.K. Kim, Simultaneous in situ reduction, self-alignment and 
covalent bonding in graphene oxide/epoxy composites. Carbon 
59, 406-417 (2013). 

 DOi: https://doi.org/10.1016/j.carbon.2013.03.034

https://doi.org/10.1016/j.jcomc.2021.100172
https://doi.org/10.4028/www.scientific.net/amm.895.272
https://doi.org/10.1021/ma0354400
https://doi.org/10.1016/j.compositesb.2015.03.075
https://doi.org/10.1016/j.carbon.2013.03.034

	Hyunseung Lee1, Si Young Chang￼1*
	Enhancing Microstructural Characteristics and Mechanical Properties of Ti-Al-Dy Alloy 
through Ball Milling and SPS Consolidation

	Viswanath G. Akkili￼1†, Hansung Lee￼2†, Suhyeon Kim￼1, Jun-Hui Choi2,3, 
Choong-Heui Chung￼1, Joon Sik Park1, Jae-Hyun Lee￼2,3, Byungmin Ahn￼2,3, 
Yoon-Kee Kim1*, Sangyeob Lee￼1*
	Influence of Multilayer Structure on the Structural and Mechanical Properties of TiAlN/CrN Coatings for Advanced Machining Applications

	Young-Chul Shin￼1, Seong-Ho Ha￼1*
	TEM investigation on microstructures of age-hardened 2014 Al alloy forged 
by cold biaxial alternate forging

	Young-Ok Yoon￼1, Nam-Seok Kim￼1, Seong-Ho Ha￼1*,
Bong-Hwan Kim￼1, Hyun-Kyu Lim￼1, Shae K. Kim￼1
	Effects of Main Alloying Elements on Interface Reaction between Tool Steel 
and Molten Aluminum

	Cheol-Hui Ryu￼1, Young-In Lee￼1*
	Synthesis of Molybdenum Oxide Nanofibers with Multiple Surface Facets 
Via Electropsinning Followed by Rapid Thermal Treatment 

	Su-Jin Yun￼1,2*, Hyeon-Ju Kim￼1, Eun-Chae Seo￼1, Min-Ji Kim￼1,2, 
Manho Park￼3, Jungwoo Lee￼2*, Jung-Yeul Yun￼1
	Fabrication of a Plate-Type Porous Stainless Steel 316L Powder Filter 
with Different Pore Structures without Use of a Binder

	Min-Jeong Lee￼1,2, Hyeon-Ju Kim￼1, Manho Park￼3, Jungwoo Lee￼2*, Jung-Yeul Yun￼1*
	The Effect of the Size of SUS316L Flake Powder on the Characteristics of Metal Powder Filters with a Double-Layered Pore Structure Fabricated by the WPS Process

	Shi Jin￼1, Guanyu Chen￼1, Xin Huang￼2, Guofu Ou￼2*
	Study on Corrosion Behavior of Sour Water Stripper in Ammonium Chloride 
by Electrochemical Techniques

	Norhafisha Binti Syed Mohd1, Shayfull Zamree Abd Rahim1,2*, Mohd Hazwan Mohd Hanid1,2, 
Allan Rennie3, Abdellah El-hadj Abdellah4, Nor Atikah Binti Zakaria1
	Study on the Effect of Recycled Brass-Filled Epoxy Mould Inserts for Rapid Tooling

	S.V. Alagarsamy￼1, B. Vinoth￼2*, D. Deepak￼3
	Experimental Investigation on Wire Electric Erosion Behaviour of Silicon Dioxide 
Particulate Reinforced Composite 

	V.M. Calinescu￼1, M. Oproescu￼2, V.G. Iana￼2, C.M. Ducu￼3, A.-G. Schiopu￼3*
	Morphological Changes of Metal Oxides Through the Solar Physical 
Vapor Deposition Process

	N.S. Sukiman￼1, M.F. Zavawi￼1, N. Rahmat￼1*, M.M. Al-Bakri Abdullah￼2
	Effect of Annealing Temperature on Thermal Behaviour and Crystallinity of
 Zinc Oxide Supported Magnesium Aluminate (ZnO/MgAl2O4) Via Green Synthesis One Pot Fusion

	M. Kolli￼1, S. Naresh Dasari￼2, S. Kosaraju￼3*
	Investigation on Mechanical Properties of Agro and Industrial Waste Reinforcement 
in Aluminium 7075 Composite with Liquid Metal Stir Casting Route

	T. Chai Hua￼1, M. Norkhairunnisa￼1*, A. Wayayok￼1, M.S.M. Basri￼1, M.M. Al Bakri Abdullah￼2
	Optimisation in Water Absorption of Low Molarity Seawater and Zeolite Based Geopolymer 
Foam Reinforced with Nanocellulose

	M.F. Kalkan￼1*, M. Aladag￼2, K.J. Kurzydlowski￼2, N.F. Yilmaz￼1, A. Yavuz￼3
	Comparative Study on Different CNN Architectures Developed on Microstructural 
Classification in Al-Si Alloys

	Unissa Nichul￼1, Pankaj Tambe￼2, Vijay Hiwarkar￼1*
	Electrochemical Behaviour of Textured Beta C Titanium Alloy in 3.5% NaCl Solution

	Devendra Kumar Singh￼1, Rajesh Kumar Verma￼2*, Sanjay Mishra￼1
	Effect of Zirconia and Graphene Nanoparticles Loading on Thermo-Mechanical Performance of Hybrid Polymer Nanocomposite 

	A.D. Dubey￼1, J. Kumar￼2, P. Kyratsis￼3, R.K. Verma￼4*
	Stacking Effect of Carbon/Glass Fiber During Drilling Operation 
of Laminated Polymer Composite 

	M. Axinte￼1, D.L. Chicet￼1*, R. Chelariu￼1, R.I. Comăneci￼1
	The Role of Overflow on the Mechanical Properties of 3D Printed PLA

	Jorge Wilfredo Vera Alvarado￼1*, Luis Fernando Caballero García￼1, 
Martin Taboada Neira￼1, Jhonny Wilfredo Valverde Flores￼2
	Probability of Defects Detection in Welded Joints using the Magnetic 
Particle Method

	S.M. Muthu1, M. Arivarasu2*, K. Jithesh3, M. Vignesh4, 
V. Dhinakaran1, P. Suresh Kumar5
	Hot Corrosion Studies on HVOF Coated Alloy A-286 in Molten Salt Environment 

	P. Risdanareni￼1*, B.S. Umniati￼1, R. Karolina￼2, K. Zai￼3, A.A.M.B. Hastuti￼4,7, 
I. Mustafa￼5, M.M.A.B. Abdullah￼6
	The Application of Super Absorbent Polymer in Self-Healing Mortar: The Effect 
on Mechanical Properties

	S. Mistreanu￼1, F. Tudose-Sandu-Ville￼2*, C. Munteanu￼2, R. Cimpoesu￼1*, 
M. Lutcanu￼1,3, I. Știrbu￼1, V. Manole￼1, C. Stamate￼, O. Rusu￼1, N. Cimpoeșu￼1
	Influence of Corrosion on Thermo-Mechanical Contact Fatigue in Rolling Conditions 
with Low Amplitude Sliding

	M. Hıdıroğlu￼1, T.A. Başer￼1, N. Kahraman￼2
	Microstructure and Mechanical Properties of Dissimilar Resistance Spot Welded 
Zn-Coated DP800–TBF1180 Automotive Steels Using MFDC Technology

	A. Navakoti￼1, D.S. Chakram￼1, M. Dasari￼1*
	Influence of Lithium on Structural Properties of Lead Zirconium Titanate (PZT)

	C.Y. Tan￼1*, M.A.A. Mohd Salleh￼1, N. Saud￼1, M. Nabialek￼2, A. Rylski￼3
	A Non-destructive Evaluation of Microstructural Analysis in Sn-Ag-Cu Solder Joint 
by Synchrotron X-Ray Radiation Tomography

	Long Zhang￼1*, Liang Liu￼1, Feihong Liu￼1, Jian Sun￼2*, Dongsheng Wang￼2
	Effect of Post-Heat Treatment on the Mechanical Properties and Corrosion Behavior of Duplex Stainless Steel Fabricated by Wire Arc Additive Manufacturing

	D. Saha￼1*, S. Pal￼1
	Joining Behaviour of Thick Plate Using High-Frequency Induction Assisted Arc Welding 

	A. Sharma￼1*, S. Gudikandula￼1
	The Effects of Heat Inputs on LDSS 2101 GTAW and SMAW Weld Microstructure 
and Mechanical Behavior


