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Abstract
Nano�llers can be added to polymers to improve their mechanical behavior. However, the yield behaviour
of most polymer composites is in�uenced by strain rate. The majority of the research focused on the
behaviour of polymer composites at high strain rates. This work aims to investigate how hydroxyapatite
(HAP) and reduced Graphene Oxide (rGO) nano�llers affect the mechanical properties of sulphonated
polyetheretherketone (sPEEK) at low (tensile and compression behaviour) and high strain rates
(compression behaviour). The thermal, mechanical, and energy absorption responses of sPEEK �lled with
HAP and varying mass fraction (Mf) of rGO (0.5%, 1%, and 1.5%) at different strain are studied in detail.
The strong strain rate effect was seen in HAp and rGO loaded sPEEK composites. The strain rate
sensitivity factor of sPEEK-HAP/rGO improved as the strain rate increased, but decreased when the Mf of
rGO increased. Under low strain rate compression, HAp and rGO loaded sPEEK absorbed more energy at
Mf about 4%. SEM micrography was used to study the microstructures of the fractured interfaces of the
components, revealing that the HAp and sPEEK materials formed a good compatibility in presence of
rGO.

1. Introduction
Growing cases of road crashes, sports injuries and increased bone-related risks among the elderly
population has resulted in a rising need for orthopaedic equipment. Orthopedic implant therapy has been
introduced on a regular basis and has proven to be quite successful in repairing irreversible bone
deterioration [1]. PEEK is a commonly used biopolymer with good biocompatibility and mechanical
compatibility [2]. Due to its unique architecture, PEEK exhibits enticing properties identical to human
bone. Because of its features, PEEK has been widely used for the preparing of products like knee joint,
arti�cial spine and skull [3, 4]. Owing to its outstanding e�ciency, it exhibits poor bioactivity and limited
bone binding ability and heat and friction performance of the premeditated higher speci�cations can still
not be met [5, 6].

At present, there are primarily two strategies that have been reviewed in this paper, including composite
preparation and surface alteration to increase the bioactivity property of PEEK. Therefore, PEEK and its
products �lled with �bre have since become a trend. The �llers such as SiO2, Al2O3, ZrO2, Si3N4, and;
carbon �ber [7, 8]. Ceramic �llers, such as HA, bioglass, TCP and calcium silicate (CS), are favoured as
bioactive materials and, because of their ability to naturally bind to living bones, are preferred as bone
replacements [9]. Hydroxyapatite (HAP) is a biocompatible bioceramic material. Due to its brittleness and
complicated processing, the use of HAP alone as a bone scaffold is limited [10]. As a scaffold material,
the composite of biopolymer and bioceramic may manifest their respective advantages while avoiding
their drawbacks [11]. Zhang et al. (2009) [12] investigated the morphology and cell attachment nature of
HA/PEEK composites fabricated via SLS. They concluded that, relative to PVC and TMXX, higher levels of
HA composite demonstrated strong cell growth and osteoblast formation. R. Ma et al. (2014) [13]
employed In-situ process to develop HA/PEEK composite. The composite demonstrated excellent
bonding and improved mechanical properties between HA and PEEK. Cao et al. (2019) [14] developed
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multi-layered carbon nontubes/PEEK/BG ternary composite via injection moulding. Unfortunately, relative
to human cortical bone, these bioactive materials demonstrate poorer fracturing resistance and greater
elastic modulus [15]. HAP has trouble distributing homogeneously in the PEEK substrate because of
variances in physical and chemical characteristics, and the overall performance of their composite
suffers as a result [16, 17]. Hence, the use of an interface media is suggested as an effective means to
enhance compatibility between the PEEK and HAp phases.

GO has recently become the subject of concern in both experimental research and functional application
studies due to its distinctive form and extraordinary properties. However, only a few studies have
employed GO as an interface phase medium, despite the fact that it possesses excellent mechanical and
thermal behaviour of PEEK [18]. Lynch-Branzoi et al. [19] used in-situ shear exfoliation to develop a
graphene �lled PEEK composite with a 400% improvement in tensile modulus. Song et al. [20] employed
a GO nanosheets �ller with PEEK. Because of tiny size of GO sheet and its thin structure increases the
wear resistance of PEEK. The behaviour of PEEK/GO composite is heavily in�uenced by dispersion of
graphene particle within the PEEK matrix and interfacial compatibility between them. However, graphene
tends to cluster in the PEEK medium and is di�cult to distribute evenly due to the higher melting point
and melt viscosity of PEEK [21]. Coating GO particles on PEEK improves its compatibility with the
material.

Yang et al. [22] attempted to increase interfacial adhesion between PEEK and GO by treating GO
nanosheets with polyethersulfone (PES). They found a homogeneous distribution of GO nanosheets
within the PEEK medium, as well as improved mechanical characteristics and compatibility between
them. Song et al. [23] employed γ-aminopropyl trimethoxysilane silane agent to modify the surface of GO.
The modi�ed GO was distributed uniformly in PEEK, resulting in better friction and anti-wear properties
than uncoated GO and MWNTs. Physical modi�cations to the graphene surface or using non-covalent
coating processes have no effect on the binding force between GO and PEEK. Furthermore, GO has huge
quantities of oxygen functional groups on its surface and edges, makes it strongly negatively charged.
The negatively charged GO surface can attract calcium atoms in the HAP crystal plane, which are
positively charged [24]. The scienti�c and technical society is increasingly valuing additive
manufacturing (AM), which offers several bene�ts such as customizable geometry, cost effectiveness,
and time savings [25]. The most extensively used AM technology is fused deposition modelling (FDM),
which involves extruding molten �lament via a nozzle and depositing it layer by layer on a builtplate [26].
Although the availability of simple polymeric material for FDM process has grown in recent years, the
need for functional parts necessitates additional advancements in �ller and �bre additive inclusion
technologies.

Considering these issues, GO was �rstly treated and form rGO, then mixed with HAP. HAP-GO mixture was
then used to prepare PEEK/HAP-rGO composites by melt blending method. The PEEK/HAP-rGO parts
were fabricated via FDM process. The mechanical behaviour of HAP-rGO loaded with varying volume
fractions of rGO were studied. In this work, parts were carefully evaluated for compressive and tensile
behaviours at low strain rates, as well as compressive behaviours at high strain rates. The phase
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composition and fractured surface morphologies were analysed by using SEM images. Thermal
behaviour of PEEK and its composited were evaluated via thermogravimetric analysis (TGA).

2. Experimental Method
2.1 Materials 

For this investigation, PEEK granules of grade PE10 with a melt �ow of 24 g/10 min and a molecular
weight of 98,200 g/mol was used. To surface treat the PEEK, sulfuric acid with a concentration of 95-98%
and a molecular weight of 98.079 g/mol, as well as ethanol and NaOH were procured from Sigma
Aldrich. Hydroxyapatite (HAP) powder with the 10mm particle size and graphene oxide (GO) powder with
1.2 nm particle size were procured from Sigma Aldrich.  

2.2 Methods

2.2.1 Surface treatment 

PEEK pellets were submerged in concentrated H2SO4 for a regulated period of time before being
immersed in water for 20 sec to eliminate any leftover H2SO4 to form sulphonated surface on PEEK
(sPEEK). 

A hydrothermal reduction process was used to treat the surface of GO in order to produce reduced
graphene oxide (rGO), which involved adding 100 ml of ethanol to 1 gramme of GO powder and stirring
for 30 minutes with magnetic stirring. The solution was then moved to Te�on autoclave and heated for 9
hours at about 210°C in an oven. The solution then soaked in distilled water before being dried at 70°C
for 6 hours. The solid precipitate was then dissolved in chloroform (100 mL), sonicated for 30 minutes,
then centrifuged at 4000 rpm for 5 minutes.

2.2.2 Extrusion process 

HAP and rGO were thoroughly mixed by using the Brabender. The HAP-rGO compound was then
combined with sPEEK pellets and put into the hopper of a single screw extruder. wTo produce a 1.75 mm
diameter �lament, an extruder temperature pro�le of 3000, 3500, 3500, and 3800 C were maintained from
hopper to die, with a screw speed of 18 rpm. During extrusion, the screw speed and mix temperature
settings were chosen to preserve and ensnare the air holes in the �lament. sPEEK/HAP-rGO composite
�laments were produced with varying volume fractions of rGO such as 2%, 4%, 6%. Newly produced
sPEEK/HAP-rGO �laments were used to 3D print test specimens by using an Ultimaker IMKI 3D printer.
Because of the presence of HAPs in the PEEK matrix, the 3D printer used a 0.6 mm diameter hot end
nozzle to avoid printing blockage. To ensure no porosity between the layers, all parts were printed at
100% density, 0.2 mm layer thickness, and a print speed of 50 mm/sec, with the exception of porosity
inside the �lament.

2.3 Experimentation
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2.3.1 Density measurement 

The tensile test specimen is used to calculate the densities of the syntactic foam matrix and it is
computed using ASTM D792-13. The sample's weight was divided by its volume, and the average of �ve
values was used in the computation. The theoretical densities were derived by Eq. (1): 

where ρtheor is the theoretical density of the matrix. ρHGM, and ρP are the densities of the HGM and PEEK
respectively and Wf - weight fraction of HGM.

2.3.2 Low strain rates testing

The compression and tensile test samples were 3D printed using a commercial 3D printer and prepared
according to ASTM D695 and ASTM D638 standards, respectively. The dimensions of the tensile and
compression test samples are shown in Fig 1. The tests were run using a Vector Pro MT universal tester
at a low strain rate. Tensile tests were carried by using an extensometer with a gauge length of 25mm.
Both tests were performed at strain rates of 0.001, 0.01, and 0.1 s-1, which were calculated by dividing the
cross-head stroke rate of the machine by the gauge length of the specimen.

2.3.3 High strain rates testing 

The compression test at high strain rates of 800 s-1 and 1000 s-1were carried by using a SHPB. The
strain signal obtained from the incident and transmitter bars may be used to determine basic data such
as stress and strain rates using Eqns (2) to (4) and the required basic data such as stress and strain. In
the bars, 1-D elastic wave propagation is considered.

where, S0 = sound wave velocity (bar),  eR = Re�ect strain, l0= Initial specimen length, E=Modulus, A=C/s
area of bar, As= C/s area of specimen, and er = Transmit strain. 

The dynamic equilibrium factor has been identi�ed as a signi�cant feature in evaluating the
dependability of the SHPB approach. The sum of the stresses imposed by the incident and re�ection
waves may be used to calculate the stress applied at the sample's front end. The stress imposed by the
transmitted wave is applied to the sample's back end. The stresses acting at the front and back ends of
the specimen during the procedure are shown in Fig 2. As can be observed, force equilibrium has been
established to a great extent, implying that the SHPB data is reliable.
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2.3.4 Thermal analysis

Universal TGA 2950 TA instrument was used to inspect the thermal degradation characteristics of
PEEK/HAP-rGO composites under an inert atmosphere. During the process, all samples were heated at a
constant rate of 10°C from 350 °C to 900 °C. The composites were also thermally analysed in the air
using a TA Instruments Q500 TGA. The thermogram curve was plotted by residual weight% vs
temperature to examine the degradation temperatures at the maximum weight loss. Differential scanning
calorimetry (DSC) of 3 STARe System was used to derive the Tg of the composites.

2.3.5 Morphology study 

SEM micrography investigation was carried out by using a Carl Zeiss AxioVertA1 Low-Vacuum in order to
evaluate microstructure of the fractured surfaces. All of the broken tensile test parts were coated with
conductive material before to SEM evaluation, and the analysis was performed at a 20-kW acceleration
voltage.

3. Results And Discussion

3.1 MFI and Rheology of sPEEK/HAP-rGO
The �owability of PEEK and its composite is determined using melt �ow index (MFI), which was
measured at 400°C, in context of �lament manufacture by extrusion and subsequent 3D printing of parts.
It is observed from Table 1, MFI decreases as rGO concentration rises due to �ller resistance to polymer
�ow [27]. PEEK has the highest MFI (5.204% g/10 min) when compared to its composites, and MFI
decreases as rGO increases, which might cause printing concerns. MFI was decreased by 24.1%, 28.3%,
and 33.1% when compared to neat PEEK at 2%, 4%, and 6%, respectively [28]. Reduced MFI must be
studied carefully and accounted for by raising the printing temperature, particularly for composite with a
higher rGO%. To reduce warpage, the bed temperature is maintained constant, and the multiplier factor
was modi�ed to account for the greater rGO%. The MFI of polymer rises as the �ller infusion increases, as
seen throughout the frequency sweep [29]. PEEK has a shear-thinning area at higher frequencies. The
limitation of polymer chain motions by different concentration of rGo (2%, 4% and 6%) causes PEEK/HAP
to behave similarly, with a little increase in η′.

Table 1. MFI comparison
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Composition MFI (g/10 min)

Mean value

Standard Deviation

sPEEK 5.2 0.4

sPEEK-HAP 3.4 0.3

sPEEK-HAP/rGO(0.5) 2.7 0.2

sPEEK-HAP/rGO(1) 1.9 0.2

sPEEK-HAP/rGO(1.5) 3.1 0.2

3.2 Compression properties
Figure 3a shows the compressive strength of sPEEK, sPEEK/HAP and sPEEK/HAP-rGO composites
containing different Mf of rGO at low strain rates. The compressive strength has been found to be strain
rate sensitive, increasing as the strain rate increases. As the strain rate increased, the compression
strength of the PEEK/HAP composite reduced by 10% compared to the sPEEK sample. PEEK material
used is brittle, became amorphous after sulphonation, with a yield point processed by the formation of a
neck. Adding HAP to the sPEEK matrix reduces the volume fraction of composite, weakening the overall
strength of the material because composite is the principal stressed component. The addition of rGO to
the sPEEK/HAP composite boosts compression strength even further. The compression strength of
sPEEK/HAP-rGO composites improves as the Mf of rGO increases, compared to sPEEK and sPEEK/HAP
composites. With a rise in rGO concentration from 0.5–1.5%, compression strength increases by 3.4%,
5.2%, and 3.8% for 0.001, 0.01, and 0.1 s-1 strain rates, respectively. The maximum compressive strength
was observed for 1.5% concentration at 0.1 s−1 strain rate, which is identical to sPEEK but 1.3% less. The
reason for this is because GO possesses a hexagonal carbon network with hydroxyl and epoxide
functional groups, which improves compression strength by establishing strong interfacial bonding
between PEEK and HAP, as well as increasing the composite's mechanical properties.

Figure 3b shows the compressive strength of sPEEK, sPEEK/HAP and sPEEK/HAP-rGO composites
containing different Mf of rGO at high strain rates such as 800 and 1000 s−1. It was found that sPEEK
and its composites had stronger compression strength at higher strain rates than they do at lower strain
rates. As strain rate increased, the compression strength of the PEEK/HAP composite decreased by 15%
compared to the sPEEK sample. At high strain rates, however, the material's molecular structure does not
have enough time to absorb the deformation, resulting in a decreased fracture rate. When rGO is added to
the PEEK/HAP composite, its compression strength improves. The maximum compressive strength was
found at a concentration of 1.5% rGO at 800 s−1 strain rate.

This idea also applies to the increase in the density of composites as shown in Fig. 4. It shows that Mf

and ρ have a linear relation. This shows that the composites' strength is proportionate to their densities.
When comparing identical HAP and rGO �lled composites under similar strain rate loading, this
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occurrence allows for the examination of HAP and rGO �lled polymer strength considering specimen
density as one factor.

3.3 Strain rate effect
Compression test stress-strain curves of sPEEK and sPEEK/HAP samples at 0.001, 0.01 and 0.1 s−1 strain
rates are shown in Fig. 5. The sPEEK exhibits abrupt and linear elastic behaviour until it reaches the apex,
after which it yields and the fracture propagates linearly until it reaches fracture failure (Fig. 5a). For all
strain rates, the curve had a same pattern. The results reveal that sPEEK exhibits positive strain rate
sensitivity with increase in strain rate and the fracture strain increases, from 0.01 to 0.3 for strain rates of
0.001 s−1 to 0.1 s−1. A loss of ductility was observed with increasing strain rates. The inclusion of HAP
makes the sPPEK composite amorphous, and the elastic behaviour of the composites decreases as the
strain rates increase. sPEEK/HAP composite also showed a sharp and linear until it reaches the peak. The
curve gradually declines from the top, resulting in increased energy loss, and continues to fall until it
reaches fracture failure (Fig. 5b). Fig. 6(a-c) stress-strain curve of compressive test specimens of
sPEEK/HAP-rGO with different Mf of rGO carried under different low strain rates. The curve is sharp and
linear until it reaches the peak. After yielding, the curve drops down for a short period and continued to be
linear till to the failure. The compressive strength of sPEEK/HAP-rGO composites are enhanced by the
carbon content of rGo, which rises with increasing rGo concentration. rGo exhibits good interfacial
bonding between HAP and sPEEK

The specimens are subjected to hydrostatic pressure and shear stress during low strain rate loading,
causing localised damage. Dispersibility and compatibility can be used to measure the improvement in
interfacial bonding strength. Fig. 7 shows the SEM micrographs of sPEEK-HAP/rGO samples with varying
rGO concentrations, with sPEEK-HAP sample serving as a control. For the sPEEK-HAP samples, HAP
particles were disseminated and agglomerated in a non-uniform manner in the PEEK matrix (Fig. 7a).
Similar �ndings on the biopolymer-bioceramic composites were found to indicate poor compatibility due
to differences in chemical and physical characteristics [30]. The degree of agglomeration in the sPEEK-
HAP/rGO samples reduced as the rGO concentration increases (Fig. 7b–d). In the fracture surface of
sPEEK-HAP/rGO samples with 1.5% rGO, rGO was uniformly distributed in the matrix, which minimises
the HAP particle crushing and resulting in lower stress concentration. This helps to avoid local damage
within the specimen which enhances the mechanical properties of the composites.

Compressive tests for sPEEK, sPEEK/HAP, and sPEEK/HAP-rGO composites were also performed at high
strain rates (800 and 1000 s−1) to validate the strain rate sensitivity properties of sPEEK and its
composites for the de�ned objectives. The stress–strain curve's distinctive form is not the same at both
rates. The sPEEK/HAP displays much higher post-yield softening than that of sPEEK (Fig. 5b). The
softening effect of sPEEK/HAP composite increases as the strain rate increases, and it is linked to non-
isothermal tests. Thermal softening of polymers occurs as a result of insu�cient heat transfer out of the
material, resulting in increased plastic straining.
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The composite's rate sensitivity determines the rate sensitivity of the HAP and rGO loaded sPEEK
polymer. At high strain rate, the fracture is induced to propagate through the HAP. Energy is squandered
during crack growth, which may be regarded as one factor impacting the energy absorption capacity of
HAP loaded polymer. To put it another way, a rapid strain rate allows the fracture to spend less time
exploring low-resistance routes, resulting in less energy use. In contrast, with low strain rate loading, the
fracture prefers to avoid passing through HAP particles, resulting in HAP particle debonding, as seen in
Fig. 7e.

The stress-strain curves of PEEK/HAP-rGO(0.5), PEEK/HAP-rGO(1), and PEEK/HAP-rGO(1.5) specimens
conducted at high strain rates are comparable to those made at low strain rates; the curve is broken into
two halves here (Fig. 6a-c). The steep and linear elastic curve till to the apex and sudden drop from the
apex for a short period and continued to be linear till to fracture. The PEEK/HAP composite's compression
strength was found to be lower than that of sPEEK and to increases with increasing rGO concentration.
The PEEK/HAP composite, on the other hand, shows a weaker trend than neat sPEEK specimen.
Meanwhile, the compressive strength increases as the Mf of rGO increase at the same strain rate. rGo
exhibits good interfacial bonding between HAP and sPEEK. The stress-strain curves have similar structure
for both strain rates, and the fracture strain is lower at 1000 than at 800 s−1, as expected.

3.4 Tensile testing
The stiffness of the curve was calculated by �tting the �rst linear segment with a linear curve. Fig. 8
shows the tensile strength of sPEEK, sPEEK/HAP and sPEEK/HAP composites containing different Mf of
rGO at low strain rates. The tensile strength has been found to be strain rate sensitive, increasing as the
strain rate increases. In comparison to PEEK, the tensile strength of sPEEK/HAP decreased with
increasing strain rates. The tensile strength of sPEEK/HAP declined by an average of 11% as strain rates
increased, indicating that the addition of HAP signi�cantly reduces the material's tensile strength. The
rate sensitivity of sPEEK/HAP composite has been shown to be in�uenced by its viscoelastic behaviour,
which tends to reduce absolute strength due to microscopic local damage. However, the rGO �ller, may
have little in�uence on the overall sensitivity of PEEK/HAP composites. The tensile strength of
sPEEK/HAP-rGO composites increases as rGO Mf increases as compared to sPEEK and sPEEK/HAP. An

average of 3%, 2.5% and 3% increase in tensile strength was observed for 0.001, 0.01 and 0.1 s−1 strain
rates respectively, with in increased concentration of rGO from 0.5–1.5%. The oxygen groups and
negative ions on the surface of rGO particles are thought to be able to interact e�ciently with sPEEK/HAP
via H-bonding and electrostatic force. The strong interfacial bonding between PEEK and HAP particles
resulting in dramatically improved mechanical characteristics of PEEK composite and also, it improves
the dispersion of HAP particles in the sPEEK matrix.

3.5 Strain rate sensitivity
The properties of the elements must be studied in order to comprehend the failure causes of a composite
material. Fig. 9 shows the tensile stress-strain curves of sPEEK and sPEEK/HAP samples obtained at
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strain rates of 0.001, 0.01 and 0.1 s−1. The strain distributions of the gauge section for tensile testing of
sPEEK samples at various low strain rates are shown in Fig. 9(a). The curve is separated into two parts,
the �rst of which demonstrates the elastic behaviour of the composites by observing a linear relationship
till an apex. After yielding, necking initiated and propagated. For the strain rates of 0.001 and 0.01 s−1

,

necking progressed slowly to the next section and continued to be linear until the maximum strain
reached 110.4%, resulting in �nal crush failure. At a 0.1 s−1 strain rate, however, necking is focused rather
than broadly dispersed, leading in a substantially faster specimen fracture at strain level of 0.2. These
�ndings highlight to PEEK's high sensitivity to strain rate, which is consistent with these reference [31, 32],
which reveals that when the strain rate crossed 0.001 s−1, the yield stress of PEEK increased fast due to
the greater crystallite perfection.

Figure 9(b) shows strain distribution for tensile strength for sPEEK/HAP samples under different low
strain rates. The curve initially shows progressive elastic behaviour till to the apex. After yielding, the
curve drops linearly, which adds to energy loss and continued to be drop to attain eventual crush failure
for 0.001 and 0.01 s−1 strain rates. At 0.1 s−1 strain rate, the curve drops sharply after the yield point at
the strain levels of 0.03, 0.025 and 0.02 for 0.001, 0.01 and 0.1 s−1 strain rates respectively. As the
temperature rises, the addition of HAP lowers the crystallinity of PEEK, and a higher strain rate generates
more heating inside the specimen. While comparing the stress-wave propagation rates for 0.001, 0.01
and 0.1 s−1, the latter case's rate is substantially lower than the loading rate, limiting necking propagation
and resulting in an early fracture.

Figure 10(a,b&c) shows the tensile test stress-strain curves of sPEEK-HAP/rGO(0.5%), sPEEK-
HAP/rGO(1%) and sPEEK-HAP/rGO(1.5%) under different low strain rates. All these composites showed
similar stress-staring curve nature. The curves showed progressive elastic behaviour till to the apex.
Necking was prolonged for a short time after yielding and then dropped linearly at the strain levels of
0.04, 0.055 and 0.06 for 0.001, 0.01 and 0.1 s−1 strain rates respectively for sPEEK-HAP/rGO(0.5%)
composite (Fig. 9a), 0.035, 0.05 and 0.065 for 0.001, 0.01 and 0.1 s−1 strain rates respectively for sPEEK-
HAP/rGO(1%) composite (Fig. 9b) and 0.045, 0.065 and 0.08 for 0.001, 0.01 and 0.1 s−1 strain rates
respectively for sPEEK-HAP/rGO(1.5%) composite (Fig. 9c). These results demonstrated that maximum
tensile stresses are sensitive to low strain rate loading for all composites.

3.6 Thermal analysis
The thermal properties of sPEEK loaded with HAP and rGO with variable concentrations were evaluated
using the TGA method. Samples of sPEEK, sPEEK/HAP, and sPEEK/HAP-rGO composites were analysed
in an inert environment, and the average results of the triplicate tests are given in Fig. 11(a), revealing that
the incorporation of HAP affected the thermal degrading behaviour of sPEEK signi�cantly. PEEK and its
composites deteriorate in two stages, with sPEEK decomposing at roughly 550°C, which is much higher
than the temperature at which most polymers decompose. In �rst stage, decomposition occurs around
580°C and is related to arbitrary chain scission of the ether and ketone bonds [33]. After 600°C, the
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second stage of breakdown starts, which is attributed to the development of residue as a result of
crosslink breaking and dehydrogenation, resulting in a thermally stable carbonaceous char. Within 30°C
of time, sPEEK loses 30% of its weight in the initial stage, and continues to drop 10% of its weight
between 580 and 600°C. As a result, the �rst stage resulted in a total weight decrease of 40%. There is no
foreign substance in the sPEEKs media that is associated with a 40% weight reduction. In the second
step, just 10% of the weight is lost up to 800°C, resulting in a 50% yield. Beyond 800°C, there is minimal
further loss, and the material appears to be stable at 850°C. A 40% weight loss shows that formation of
aromatic molecules as products, presumably in the form of phenol, a signi�cant sPEEK breakdown
product [34].

sPEEK/HAP-rGO samples had a slightly higher beginning temperature than sPEEK and sPEEK/HAP
sample. The initial stage of decomposition of sPEEK/HAP-rGO(0.5) and sPEEK/HAP-rGO(1) samples is
comparable, with weight loss of roughly 28% and 27%, respectively. At 580°C, the decomposition process
begins, and both materials progress to the second stage of decomposition. Further, after 750°C, small
loses in weight occurs and the �nal remaining weight of the materials for sPEEK/HAP-rGO(0.5) and
sPEEK/HAP-rGO(1) samples is 65% and 68% respectively. For sPEEK/HAP-rGO(1.5) sample, the initial
decomposition begins at 600°C, with the weight loss of 21% and continuing to decompose at a faster rate
than sPEEK/HAP-rGO(0.5) and sPEEK/HAP-rGO(1) samples. After 800°C, the weight of the sPEEK/HAP-
rGO(1.5) sample decreased signi�cantly, and the �nal residual weight was 71%, slightly higher than
others, as well as the char fraction.

Similarly, the thermal properties of sPEEK loaded with HAP and rGO with variable concentrations were
evaluated in an oxidative environment as shown in Fig. 11(b). Thermal oxidative degradation begins
between 510°C and 530°C for sPEEK/HAP, sPEEK/HAP-rGO(0.5) and sPEEK/HAP-rGO(1) samples. The
temperature at which thermal oxidative decomposition begins in sPEEK/HAP-rGO(1.5) sample is
somewhat greater, at around 560°C. sPEEK/HAP loses 35% of its weight in the �rst stage, with 30% of the
weight loss occurring within a 30°C time frame, which correlates to thermal disintegration under inert
atmosphere, suggesting that scission of ether and ketone bonds does not enhance by an oxidative
environment. The rest of the sPEEK/HAP weight is lost during the second stage, which involves thermally
oxidising the whole material at 720°C. sPEEK/HAP-rGO(0.5) and sPEEK/HAP-rGO(1) samples lose weight
at a slower pace than sPEEK/HAP, although having a same commencement of thermal oxidative
decomposition temperature. The �rst decomposition stage is responsible for a 3% weight loss difference
between sPEEK/HAP-rGO(0.5) and sPEEK/HAP-rGO(1) samples at roughly 580°C, with weight losses of
25% and 22%, respectively. In the second stage, sPEEK/HAP-rGO(0.5) and sPEEK/HAP-rGO(1) samples
continue to lose 35% and 32% weight, respectively, at a comparable pace as sPEEK/HAP and there is no
further decomposition of materials. For sPEEK/HAP-rGO(1.5) samples, the initial decomposition begins at
600°C, with the weight loss of 20% and continuing to decompose at a faster rate than sPEEK/HAP-
rGO(0.5) and sPEEK/HAP-rGO(1) samples. After 700°C there in no further decomposition. The addition of
microspheres enhances the thermal stability of sPEEK/HAP-rGO(0.5), sPEEK/HAP-rGO(1) and
sPEEK/HAP-rGO(1.5) samples in an inert environment, with sPEEK/HAP-rGO(1.5) samples being the most
thermally stable.
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The glass transition (Tg) temperatures from DSC analysis of sPEEK loaded with HAP and rGO with
differetn concentrations of rGO samples are shown in Table 2. The DSC analysis reveals that the Tg of
the neat sPEEK/HAP, sPEEK/HAP-rGO(0.5), and sPEEK/HAP-rGO(1) samples are not considerably
different. When the Tg values of sPEEK/HAP-rGO(1.5) samples and sPEEK/HAP are compared, the Tg
values of sPEEK/HAP-rGO(1.5) samples is greater. This reveals that while 1.5% Mf of rGo increase the
physical interactions between the HAP and sPEEK, improving the mechanical characteristics of the
composites, they have no effect on the composite's Tg.

Conclusion
In this work, extrusion process was used to prepare sPEEK-HAP/rGO composites with three different
concentrations of rGO, and test samples were fabricated using 3D printing technology for usage in
weight-sensitive contexts. Filament and 3D printed components are mechanically characterised to assess
their �exibility and practicality for 3D applications. HAP �lled sPEEK polymer absorbs more energy at
both low strain rate compression. When compared to sPEEK, the tensile strength improves signi�cantly.
The strain rate sensitivity of HAP �lled sPEEK is high, and the strain rate sensitivity factor decreases as
the mass fraction of rGO increases. The sPEEK �lled with 1.5% Mf of rGo showed good intact within the
sPEEK-HAP matrix, because they endure the melt processing better than other two concentrations of rGO.
Increased rGO density resulted in lower sPEEK-HAP composite density and better mechanical
characteristics, even at low strain rates. MFI decreases as rGo concentration increases, which might
resolve printing issues. The increased compatibility between sPEEK-HAP and rGO particles was
demonstrated by SEM images. The addition of rGO to sPEEK-HAP improves the thermal stability of the
composite. sPEEK-HAP/rGo(1.5) is extremely heat resistant, with decomposition below 550 0C.
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Figure 1

shows the tensile and compression test samples dimensions
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Figure 2

Stress acting during SHPB test
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Figure 3

Compressive strength of sPEEK, sPEEK/HAP and sPEEK/HAP-rGO composites under (a) low strain rate,
and (b) high strain rate
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Figure 4

Complex viscosity
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Figure 5

Compression test stress-strain curves of (a) sPEEK and (b) sPEEK-HAP, at strain rates of 0.001, 0.01, 0.1,
800 and 1000 s-1
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Figure 6

Compression test stress-strain curves of (a) sPEEK-HAP/rGO(0.5), (b) sPEEK-HAP/rGO(1), and sPEEK-
HAP/rGO(1.5) at strain rates of 0.001, 0.01, 0.1, 800 and 1000 s-1



Page 22/26

Figure 7

SEM micrograph of fracture surface of compressive specimens with at low strain rates of (a) sPEEK-HAP,
(b) sPEEK-HAP/rGO(0.5), (c) sPEEK-HAP/rGO(1), (d) sPEEK-HAP/rGO(1.5) and (e) sPEEK-HAP at high
strain rate
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Figure 8

Tensile strength of sPEEK, sPEEK/HAP and sPEEK/HAP-rGO composites under (a) low strain rate, and (b)
high strain rate
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Figure 9

Tensile test stress-strain curves of (a) sPEEK and (b) sPEEK-HAP, at strain rates of 0.001, 0.01, and 0.1 s-1
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Figure 10

Tensile test stress-strain curves of (a) sPEEK-HAP/rGO(0.5), (b) sPEEK-HAP/rGO(1), and sPEEK-
HAP/rGO(1.5) at strain rates of 0.001, 0.01, and 0.1 s-1
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Figure 11

TGA curves for neat sPEEK, sPEEK-HAP, and sPEEK-HAP/rGO composites carried under (a) Inert
environment, and (b) oxidative environment


