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Introduction. Hip joint replacement is considered the most complex and critically important orthopedic surgical procedure
compared to knee and shoulder joint replacements. Over the past few decades, there has been significant advancement in hip joint
replacement technology, and various biomaterials have been substantially improved. An increasing number of hip joint replacement
surgeries are now successful, assisting individuals in regaining normal daily activity and work capacity comparable to their pre-
fracture state. However, the need for revision surgery, specifically for implant replacement, is still observed in active patients several
years following the initial operation. This underscores the need to develop durable biomaterials and customized hip joint implants
to reduce implant wear and the risk of dislocation. This research study explores a novel PEEK-in-acrylate composite biomaterial
with varied weight percentages of PEEK (0 %, 5 %, and 10 %) in an acrylate-based matrix. Tests were conducted to determine its
properties, biocompatibility, and 3D printability. Based on the developed material, pins (in accordance with the ASTM standard) were
fabricated using 3D printing for subsequent wear rate studies. The potential use of the developed composite materials for hip-joint
applications was also thoroughly investigated. The purpose of this study is to develop and investigate a new PEEK in Acrylate
composite biomaterial with varied weight percentages of PEEK (0 %, 5 %, and 10 %) in an acrylate-based matrix. The research
includes an assessment of the material’s properties, biocompatibility, and 3D printability. Using digital light processing (DLP) 3D
printing technology at room temperature, pins (in accordance with the ASTM standard) were fabricated. An experimental study of dry
sliding wear resistance was conducted on the resulting samples to determine the effect of PEEK weight fraction on the wear rate and
frictional performance against an SS 316 steel disk. Scanning electron microscopy (SEM) and Energy-dispersive X-ray spectroscopy
(EDS) were used to analyze the surface structure and element distribution within the material. The Methods of Investigation. Digital
Light Processing (DLP) 3D Printing technique was used to 3D Print the 4STM pins and Acetabular liner with different weight fraction
of PEEK in acrylate. Dry sliding wear tests were carried out using a pin-on-disk tribometer. During testing, the disk rotation speed and
the normal load on the pin were varied. The studies were designed to determine the influence of input parameters on the wear rate. A
total of nine experiments were conducted for each PEEK weight fraction, with a sliding distance of 4 km per experiment. The load
ranged from 20 to 100 N, and the sliding speed varied from 450 to 750 rpm. Surface structure and element distribution were analyzed
by Energy-dispersive X-ray spectroscopy (EDS) and Scanning electron microscopy (SEM). Result and Discussion. Current study
demonstrates the advantages of varying the weight fraction of PEEK in Acrylate for DLP-fabricated biomaterials. Analysis of the
SEM, EDS, and wear testing results indicated that the composite with 10 wt % PEEK in Acrylate exhibited superior microstructural
integrity, elemental homogeneity, and significantly improved wear resistance. The 10 wt % PEEK in Acrylate composite, fabricated
via DLP 3D printing, is suitable for biomedical implant and healthcare applications

For citation: Dama Y.B., Jogi B.F., Pawade R., Pal S., Gaikwad Y.M. DLP 3D printing and characterization of PEEK-acrylate composite
biomaterials for hip-joint implants. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science,
2025, vol. 27, no. 1, pp. 172-191. DOI: 10.17212/1994-6309-2025-27.1-172-191. (In Russian).

Introduction

Hip joint implants play a key role in contemporary orthopedic surgery and are extensively used for the
treatment of conditions such as osteoarthritis, rheumatoid arthritis, hip fractures, and congenital deformities
[1]. These implants are designed to replace damaged hip joints, restore locomotor function, and reduce
pain [2]. Due to their critical function in supporting body weight and enabling movement, materials for
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hip implants must possess superior mechanical properties, biocompatibility, and durability [3]. Additive
Manufacturing (AM), or 3D printing, has fundamentally transformed biomedical engineering by enabling
the creation of complex geometries and personalized implants tailored to individual patient anatomy [4]. In
particular, additive manufacturing techniques facilitate the use of porous titanium alloys, which promotes
improved osseointegration and minimizes stiffness mismatch between the implant and bone, thereby
ensuring favorable long-term patient outcomes [5]. The present study evaluates the mechanical properties,
biocompatibility, and overall effectiveness of hip joint implants fabricated from both traditional materials
and using additive manufacturing technologies [6]. The aim of this work is to investigate the potential of
additive manufacturing to improve patient outcomes by overcoming the limitations inherent in conventional
implants, such as stress shielding and insufficient bone integration [7].

Among the wide range of polymer biomaterials, polyetheretherketone (PEEK) stands out due to its
suitability for 3D printing, surpassing other materials used in orthopedic implantology [8]. PEEK is employed
in conventional manufacturing processes to develop various biomedical implants [9]. It is characterized
by high strength and a Young’s modulus closely matching that of human bone, which minimizes stress
shielding and enhances implant stability. Due to these properties, PEEK is a promising material for the
fabrication of load-bearing components, such as hip joint cups [10]. PEEK possesses high thermal stability,
with a melting point of approximately 343 °C. This allows it to withstand sterilization processes required
for medical implants without degradation, ensuring the retention of its properties throughout its lifespan
within the human body [11]. Furthermore, PEEK exhibits exceptional chemical resistance to a variety of
chemical substances, including solvents, acids, and bases, ensuring its durability and long-term stability in
the physiological environment without eliciting adverse reactions [12]. The biocompatibility of PEEK as a
reliable material for biomedical applications has been validated by numerous studies [13—14].

For an adequate assessment of PEEK’s applicability in load-bearing orthopedic implants, mechanical
testing and wear resistance studies are of paramount importance. Specifically, Reddy et al. [15]
investigated the mechanical properties of 3D-printed PEEK specimens intended for dental implants and
found that specimens printed with a (45°/—45°) raster angle exhibited improved tensile, compressive,
and flexural strength. This indicates the potential of PEEK as an alternative to titanium and zirconia for
dental applications. In their studies of a PEEK-Ti Al ,V composite implant, Zhang et al. [16] assessed
compressive strength and wear resistance via mechanical testing, in accordance with standard 4ASTM
testing protocols. Du et al. [17] investigated the mechanical characteristics of scaffolds made from the
PEEK-SiN composite material.

Scanning electron microscopy (SEM) analysis of PEEK implants provides valuable insights into the
surface morphology and microstructural features of the material. For example, Lim et al. in 2019 [18]
utilized SEM analysis to evaluate the porosity of various 3D-printed PEEK and titanium structures. The
results indicated that a pore size of approximately 1.2 mm most closely matches the structure of human
trabecular bone. This optimal pore size has been proven to enhance osseointegration, as SEM images
demonstrate that the rough surface texture of porous structures promotes increased pull-out strength and,
overall, improved bone integration capability [19]. Conversely, SEM analysis conducted by Carpenter et al.
in 2018 [20] revealed significant differences between porous PEEK and porous titanium implants. In 2020,
Virpe et al. [21] performed an analysis of polymer composites, demonstrating the successful incorporation
of carbon fillers into a PLA matrix using FDM 3D-printing.

At the same time, the correlation between microstructural characteristics, as determined by SEM, and
their influence on wear mechanisms in pin-on-disc testing remains inadequately understood [22-23]. It is
noted that not all polymer biomaterials, such as UHMWPE, HDPE, and PE, are readily amenable to 3D
printing. This necessitates the use of alternative polymers, including PEEK, PLA, and composite polymer
biomaterials that are suitable for 3D-printing and meet the requirements for implants [24]. Therefore,
investigating the wear rate characteristics of hip joint implants is an important task, leading to further
research on wear parameters using various polymer biomaterials, composites, and coated biomaterials [25].
Various testing methods employed for evaluating the wear resistance and mechanical properties of polymer
materials are useful for biomaterials as well [27-28].
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The purpose of this research is to study a PEEK in Acrylate polymer-based biomaterial for hip-joint
implant applications, which is 3D-printable at room temperature [26]. The study aims to determine the impact
of reinforcement levels on microstructural integrity, elemental distribution, and wear performance, thereby
aiding in the development of PEEK-based materials for orthopedic applications. Specifically, 3D-printed
ASTM pins will be tested via pin-on-disc methodology to evaluate wear rate performance suitable for the
long-term sustainability of implants.

Digital light processing (DLP) 3D-printing was conducted at the National Chemical Laboratory (NCL),
Pune, Maharashtra, India. Wear testing was performed using equipment available at the Mechanical
Engineering Department of VIIT, Pune, Maharashtra, India.

Methods

Material Preparation

Composite material formulations included 0 wt. %, 5 wt. %, and 10 wt. % PEEK in an Acrylate-
based matrix. The composite resins were prepared by mixing the PEEK with the Acrylate resin at varying
PEEK concentrations (5 wt. % and 10 wt. %). Fig. 1 illustrates the process flow for preparing the resin
for 3D-printing and subsequently fabricating physical objects via 3D-printing. The resin pre-processing
involved dissolving reactive diluents, such as Tricyclo[5.2.1.02'6]decane dimethanol diacrylate (TCDDA),
Ethoxylated bisphenol A dimethacrylate (BPAEDMA), and photoinitiators, in the resin binder.

The resulting resin mixture was then loaded into a DLP 3D-printer, where the printing process was
initiated through layer-by-layer curing of the material.

In Digital light processing (DLP) 3D-printing, as depicted in Fig. 2, a, a digital projector is used to
project an image of the entire layer of the object being printed onto the surface of a vat containing liquid
photopolymer resin. Upon exposure to the projected image, selective solidification of the photopolymer
resin occurs, conforming to the shape of the layer. After each layer is cured, the build platform is raised,
separating the formed layer from the resin vat, and a volumetric 3D model of the object is built. A washing
and post-curing machine is used to clean the resulting part and to achieve final polymerization of the resin
(Fig. 2, b). The PEEK in Acrylate composite biomaterial was used to 3D-print ASTM-compliant pins and a
final liner implant.

Fig. 1. Material preparation methodology used in the study [26]
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a b

Fig. 2. DLP 3D Printing method: DLP 3DPrint (a), Wash and Cure
Machine ()

The initial layer curing time was 30 seconds, followed by 10 seconds for each subsequent layer. ASTM-
compliant pins (10 mm diameter and 15 mm height) were printed under controlled conditions to ensure
uniform size and shape.

Scanning electron microscopy (SEM)

To enhance the electrical conductivity of non-metallic samples, a thin layer of gold (Au) was applied
to the surface using a sputtering method. The gold layer, approximately 10 nm thick, was deposited using
an ion sputtering device. This step is necessary to minimize charging effects that can occur during SEM
analysis, which can lead to image distortions and reduced resolution. Gold was selected due to its high
electrical conductivity and minimal interaction with the electron beam. The operating principle of the Zeus
SEM instrument is illustrated in Fig. 3. SEM analysis was performed using a Zeus field-emission scanning
electron microscope, which is characterized by high resolution and versatility in materials science. The
microscope’s operating accelerating voltage was 20 kV. This voltage value was chosen as an optimal
compromise between the need for high-resolution imaging and ensuring sufficient penetration depth of
the electron beam into the sample material. The use of lower voltages may be insufficient for penetration,

Vacuum Chamber

——  » Electron Gun

Electron Magnetic Lense

——3» Scanning Coll
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Fig. 3. Working principle of scanning electron microscope (SEM)
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particularly in the case of composite materials with non-uniform density distribution, which would limit the
analysis depth. A schematic of the experimental setup used for SEM analysis is shown in Fig. 3.

Sample images were acquired at various magnifications: 500x, 1,000x%, 2,000%, and 5,000%. Lower
magnifications were utilized to examine the overall surface morphology and to identify macroscopic
defects, such as cracks, pores, and the distribution of reinforcing particles. Higher magnifications were
employed to analyze microstructural details, including the interfacial boundary between the PEEK matrix
and reinforcing particles, the morphology of individual particles, and micro-defects (micro-cracks, pores)
that could negatively affect the mechanical properties of the material.

In this study, energy dispersive spectroscopy (EDS) and scanning electron microscopy (SEM) were
employed to investigate the microstructural features, surface morphology, and elemental composition of the
materials under investigation: pure acrylate (base material), a composite with 5 wt. % PEEK in Acrylate,
and a composite with 10 wt. % PEEK in Acrylate [28]. These methods are essential for understanding the
distribution of PEEK reinforcing particles within Acrylate matrix and for identifying potential microstructural
defects that may influence the material’s performance in biomedical applications.

Sample preparation for SEM analysis is crucial to obtain high-quality images and reliable data. Samples
were sectioned into small fragments of ~10x10 mm to ensure proper accommodation within the SEM
chamber. These sections were then subjected to sequential polishing, initially ground with silicon carbide
paper of varying grit sizes (from 320 grit for coarse material removal to 1,200 grit for fine polishing). After
achieving a smooth surface, diamond paste (3 um, followed by 1 um) was used to create a mirror-like finish.
This final polishing step is critically important as it reduces surface roughness, which minimizes artifacts
during SEM imaging.

Energy dispersive spectroscopy (EDS)

For detailed elemental analysis of the samples in conjunction with SEM, the energy dispersive X-ray
spectroscopy (EDS) method was employed. The EDS method is based on the identification of characteristic
X-ray radiation emitted by the sample when it is bombarded with an electron beam from a scanning electron
microscope (SEM). The energy of these X-rays is specific to each element present in the sample, enabling
their identification and quantification. For a comprehensive assessment of the material composition,
EDS analysis was performed in multiple regions of each sample. In particular, point analysis was used to
determine the elemental composition in selected local areas, primarily within the reinforcing particles and
the PEEK matrix. A schematic of the EDS Instrument is shown in Fig. 4.

Sample Holder

( Diffracted X-Rays

Collimator

X-Ray tube el Bl Detector

MroE2>0n

Fig. 4. Schematic representation of working principle of £DS instrument
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Furthermore, elemental mapping was performed on larger areas to visualize the distribution of elements
across the sample. This technique proved particularly useful for evaluating the uniformity of reinforcing
particle distribution within the PEEK matrix. Analysis of the EDS spectra provided important data on
the presence of carbon (C) and oxygen (O) as the primary elements of PEEK, as well as other elements
introduced by the reinforcing particles. The homogeneity of the composites was assessed by comparing
the elemental distribution in various analyzed regions. Significant deviations in the elemental composition
indicated segregation or clustering of the reinforcing particles, which can influence the mechanical properties
of the composite materials. The summary of SEM and EDS conditions is tabulated in Table 1.

Table 1
Summary of SEM and EDS Conditions
Parameter Value
Accelerating Voltage 20kV
Magnification Range 500x%, 1000x%, 2000x, 5000x
Coating Material Gold (4u), ~10 nm thickness
EDS Analysis Elemental mapping and point analysis

Pin-on-Disk wear testing

To evaluate the wear resistance of polyetheretherketone (PEEK) materials, including base Acrylate
material, Acrylate composites with 5 wt. % PEEK, and Acrylate composites with 10 wt. % PEEK, a pin-on-
disk wear test was performed. Test specimens were cylindrical pins machined from each type of material,
with dimensions of 8§ mm in diameter and 40 mm in height. To ensure smooth and uniform contact with
the disk during testing, the pin surfaces were polished using silicon carbide abrasive paper followed by
diamond paste. The wear tests were conducted on a tribometer configured in a pin-on-disk arrangement.
A schematic of the test setup is shown in Fig. 5 and includes a dead weight for applying a constant load to
the pin, a motor for rotating the disk, and a counterbody (SS 316 stainless steel) in the form of a disk with a
surface roughness of 0.1 pum to provide a controlled and consistent contact surface.

To ensure reproducibility of results and maintain uniform testing conditions, all experimental parameters
were standardized. A normal load of 10 N was applied to each pin using dead weights. The disk was rotated
at a constant sliding speed of 1 m/s to simulate wear conditions representative of orthopedic implants. The
duration of each test corresponded to a total sliding distance of 1,000 m, to ensure that sufficient wear data

Fig. 5. Experimental test set up used for wear testing study
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was collected. The tribometer was pre-calibrated to ensure high accuracy in maintaining the applied load,
sliding speed, and disk rotation speed. During the test, the vertically mounted pins exerted constant pressure
against the rotating stainless steel disk, inducing wear as a result of sliding contact.

After completion of the tests, the worn surfaces of the pins were analyzed using scanning electron
microscopy (SEM) to investigate the wear mechanisms and surface degradation patterns of each PEEK
composite material. Particular attention was given to the surface morphology to establish a relationship
between reinforcement level and wear performance. The key parameters of the pin-on-disk wear tests
(materials, load, speed, and sliding distance) are summarized in Table 2.

Table 2
Summary of Pin-on-Disk Testing Conditions
Parameter Value
Pin Material 5 % wt. PEEK in Acrylate, 10 % wt. PEEK in Acrylate
Disk Material SS 316
Normal Load 10N
Sliding Speed 1 m/s
Sliding Distance 1,000

Results and Discussion

A 3D-printed PEEK in Acrylate composite biomaterial was thoroughly examined for its suitability in hip
hip-joint applications. As part of this research, a novel biomaterial — a PEEK in Acrylate composite — was
developed, incorporating varying PEEK content (0 wt. %, 5 wt. %, and 10 wt. %) in Acrylate base material.
Tests were conducted to determine the material properties, biocompatibility, and 3D-printability. ASTM
standard pins were fabricated using digital light processing (DLP) 3D-printing at room temperature. An
experimental study of wear under dry sliding friction conditions was performed on the PEEK composites with
varying percentage concentrations within the Acrylate. An SS 316 steel disk was used as the counterbody.
The objective of the tests was to assess the effect of PEEK content on the wear resistance and wear rate.
Scanning electron microscopy (SEM) and energy dispersive X-ray spectroscopy (EDS) techniques were
employed to analyze the surface structure and elemental composition of the materials. The results and
conclusions obtained from the SEM and EDS analyses and the wear tests are presented below.

Characterization of the base acrylate material

Surface morphology and microstructural features

The base Acrylate material was investigated using scanning electron microscopy (SEM) at magnifications
ranging from 500% to 5,000x% (see Fig. 6, a, b, and c) with an accelerating voltage of 20 kV. Imaging settings
were selected for detailed analysis of the surface structure and microscopic characteristics of the material,
enabling the identification of both large-scale and small-scale features. SEM images acquired at 500x
magnification revealed a predominantly smooth surface small ripples evenly distributed throughout the
material. The smooth surface morphology of this polymer indicates a high-quality manufacturing process
and the absence of macroscopic defects such as voids or inclusions. At magnifications of 1,000x and 2,000%,
the surface texture became more pronounced, revealing features mainly in the 1-2 um size range. These
features are likely due to the polymer composition, which can lead to slight variations in surface texture
that arise during processing. The even distribution of these features suggests deliberate material processing,
resulting in a homogenous surface that increases its mechanical durability.

When magnified up to 5,000%, the microstructure of the material became more discernible (see Fig. 6, c).
The SEM images revealed a smooth and homogenous texture without any visible crystalline formations,
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a b c
Fig. 6. SEM images for base Acrylate material at different magnification:
a — 100x magnification, 200 um; b — 2,000x magnification, 10 um; ¢ — 5,000% magnification; 5 pm

indicating a predominantly amorphous structure of the base material. The absence of observable crystalline
domains suggests that the material is specifically designed for applications requiring flexibility and impact
resistance, which are often associated with amorphous polymers.

EDS Analysis and Elemental Composition

The results of EDS analysis for the base Acrylate material are presented in Figs. 7, a and 7, b. The
EDS investigation enabled quantitative determination of the elemental composition of the base material,
revealing that it primarily consists of carbon (C) and oxygen (O). In one region, the elemental composition
was determined to be approximately 71.17 wt. % carbon and approximately 28.83 wt .% oxygen; in another
region, approximately 72.21 wt. % carbon and approximately 27.79 wt. % oxygen. The composition of
substances was determined as 76.68 wt. % carbon and 23.32 wt. % oxygen, and 77.59 wt. % carbon and
22.41 wt. % oxygen, respectively.

a b
Fig. 7. EDS analysis for base Acrylate material:
a — spectrum with 70 um; b — EDS graph for 70 pm Spectrum

The high carbon content is a characteristic feature of polymer materials, in which carbon plays the
role of the primary structural element, as also shown in Fig. 7, b. The detected oxygen is likely associated
with the presence of functional groups such as carbonyl (C=0) or ether (C-O-C) groups, which are
characteristic of polymers, such as PEEK (polyetheretherketone). These groups contribute to enhanced
thermal stability and chemical resistance of the material, improving its performance characteristics in
demanding applications.
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Characterisation of 5 % wt. PEEK Material in Acrylate

Surface Morphology and Microstructural Features

SEM images of 5 % wt. PEEK material in Acrylate, acquired at various magnifications, are presented in
Figs. 8, a, b, and c. Analysis of the composite material using scanning electron microscopy was performed
to investigate its surface morphology and microstructure. Magnifications ranging from 500% to 5,000x at
an accelerating voltage of 20 kV were used. This range enabled a comprehensive evaluation of both general
surface characteristics and microstructural features and provided valuable information regarding the effect
of PEEK addition to the underlying polymer matrix (Fig. 8, a).

. .
= - T Sgmal A= 501 Ed
T e W[ = R

a b c

Fig. 8. SEM images for 5 wt. % PEEK in Acrylate material at different magnification:
a — 500x magnification, 50 um; b — 2,000x magnification, 10 pm; ¢ — 5,000x magnification, 5 pm

At 500% magnification, the SEM images exhibit a relatively smooth and homogenous surface with
minimal deviations, comparable to those of the base material. However, the addition of PEEK resulted in
slight changes in the surface texture. These changes are likely due to the dispersion of PEEK within the
polymer matrix.

A more detailed investigation of the material’s microstructure was conducted at magnifications of 1,000%
and 2,000x. The PEEK particles are visible as separate and relatively evenly distributed phases within the
matrix. Their sizes are in the micron range, ranging from 1 to 2 um. The observed distribution indicates
effective PEEK incorporation into the matrix, contributing to the composite’s homogeneity.

At a maximum magnification of 5,000%, images were obtained that demonstrate a more detailed view
of the PEEK distribution. The PEEK particles are characterized by excellent dispersion and seamless
integration into the polymer matrix without noticeable signs of aggregation.

The addition of PEEK does not disrupt the predominantly amorphous structure of the material, which
is important for maintaining its natural flexibility and toughness. Overall, the surface retains an amorphous
appearance.

EDS Analysis and elemental composition

Energy dispersive spectroscopy (EDS) examination of the 5 wt. % polyetheretherketone (PEEK) in
Acrylate revealed that its elemental composition is predominantly carbon (C) and oxygen (O), consistent
with the composition of the base Acrylate material (Fig. 9).

Table 3 presents the data on the composition of 5 % wt. PEEK in Acrylate composites material. The
mass percentage of carbon was approximately 70.75 %, while that of oxygen was 29.25 %. The atomic
proportions of the elements are 76.32% for carbon and 23.68% for oxygen. These results indicate a similarity
in the elemental composition between the base Acrylate material and the PEEK composite, suggesting a
negligible influence of PEEK addition on the overall elemental composition. The slight increase in oxygen
content is attributed to the presence of oxygen-rich functional groups in PEEK (such as ether and carbonyl
groups), which are uniformly distributed within the polymeric matrix.
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a b
Fig. 9. EDS analysis for 5 wt. % PEEK in Acrylate material:
a — spectrum with 70 um; b — EDS graph for 70 um spectrum

Table 3
Composition of 5 % wt. PEEK in Acrylate composites material
Element Weight (%) Atomic (%)
C 70.75 76.32
0 29.25 23.68
Totals 100.00 -

As evidenced by the SEM images, the incorporation of 5 wt. % PEEK into the polymeric matrix leads
to the formation of characteristic microstructural features. The uniform distribution of the PEEK particles
within the matrix contributes to enhanced mechanical properties of the material, such as stiffness and
strength, through reinforcement of the polymer structure. Despite the PEEK addition, the composite retains
a predominantly amorphous structure, which is favorable for maintaining important characteristics such as
impact toughness. The EDS data confirm that the elemental composition of the composite largely remains
unchanged, with carbon and oxygen being predominant. The slight increase in oxygen concentration
indicates successful PEEK integration into the matrix, suggesting the absence of significant phase separation
and inhomogenuity.

Characterization of 10 % wt. PEEK Material in Acrylate

Surface Morphology and Microstructural Features

The morphology and microstructure of a composite material containing 10 wt. % PEEK were
investigated using scanning electron microscopy (SEM) at magnifications ranging from 500x to 5,000%
and an accelerating voltage of 20 kV (Fig. 10, a, b, c).

This approach enabled a detailed examination of the material’s surface morphology and microstructure,
as well as an evaluation of the impact of the increased PEEK content on its structure.
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a b c

Fig. 10. SEM images for 10 wt. % PEEK in Acrylate material at different magnification:
a — 500x magnification, 50 um; b — 2,000x magnification, 10 pm; ¢ — 5,000 magnification, 5 pm

At 500x magnification, the material’s surface exhibited a relatively smooth texture, comparable to
materials containing a lower concentration of PEEK. However, the higher PEEK concentration led to more
pronounced differences in the texture, indicating a significant influence of the PEEK particles on the surface
composition. The observed changes were subtle but consistent, suggesting a uniform distribution of PEEK
within the matrix (Fig. 10, b).

Increasing the magnification to 2000x made the PEEK particles more visibile. They were observed as
discrete inclusions within the polymer matrix, with a size of approximately 1-2 um. The distribution pattern
indicates good integration of PEEK into the base material, promoting enhanced structural homogeneity and,
consequently, improved mechanical properties of the composite.

At 5,000% magnification (Fig. 10, ¢), the SEM images provided more detailed information about
the microstructural features, confirming the uniform distribution of PEEK particles and the absence of
aggregation. The surface maintained an amorphous structure, with the presence of PEEK contributing to
minor variations in texture that did not disrupt the overall smoothness of the material. This homogeneous
component distribution is critical for achieving an optimal balance of flexibility and strength, which is
necessary for the intended application of this material.

EDS Analysis and elemental composition

EDS analysis provided precise and quantitative data regarding the elemental composition of the 10 wt.
% PEEK material. The primary elements identified were carbon (C) and oxygen (O), consistent with the
composition of PEEK and the base polymer (Fig. 11).

Table 4 presents the elemental composition of 10 wt. % PEEK in Acrylate. The substance in a specific
area consisted of approximately 70.19 wt. % carbon and 29.81 wt. % oxygen. In other locations, additional

a b
Fig. 11. EDS analysis for 10 wt. % PEEK in Acrylate material:
a — spectrum with 70 um; b — EDS graph for 70 um spectrum
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Table 4
Composition of 10 % wt. PEEK in Acrylate composites material
Element Weight (%) Atomic (%)
C 70.19 75.82
0 29.81 24.18
Totals 100.00 -

elements, such as gold (4u), were observed, which were applied onto the surface to improve image contrast.
The elemental distribution confirms that the presence of PEEK does not significantly affect the base
composition, but introduces functional groups associated with the chemical structure of PEEK. Fluctuations
in oxygen levels in different locations may be related to the presence of these functional groups, which are
important for PEEK properties, including its thermal stability and resistance to harsh environments. The data
from scanning electron microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDS) collectively
show that the addition of 10 wt. % PEEK to the base material has a significant impact on the microstructure,
especially compared to lower PEEK concentrations.

SEM images show a uniform distribution of PEEK particles, which, in turn, leads to an increase in
mechanical properties such as stiffness and tensile strength. This improvement in mechanical properties can
be explained by the reinforcing action of the particles within the polymer matrix. The inherent amorphous
structure of the material, which is maintained even at the higher PEEK concentration, is advantageous for
maintaining its flexibility and impact toughness. EDS analysis confirms these findings, demonstrating that
the composition of the material mainly corresponds to the composition of PEEK, with carbon and oxygen
being the main components. The inclusion of PEEK particles does not lead to significant phase separation,
thereby maintaining a homogeneous structure in the composite.

Discussion: The incorporation of PEEK into the Acrylate polymer matrix at concentrations of 5 wt.
% or 10 wt. % enhances the mechanical properties of the material by reinforcing the structure, while the
material maintains flexibility and surface smoothness. These composites possess a balanced combination
of strength, durability, and adaptability, making them optimal candidates for applications where these
characteristics are essential. The choice between 5 wt. % and 10 wt. % PEEK content will depend on the
specific mechanical property requirements of the material based on the intended application, where higher
PEEK concentrations will provide increased stiffness and strength.

Wear testing results

The results of pin-on-disc wear tests conducted on samples of base Acrylate, a 5 wt. % PEEK in
Acrylate composite, and a 10 wt. % PEEK in Acrylate composite clearly demonstrate the impact of PEEK
reinforcement on the wear resistance and frictional properties of Acrylate.

Table 5 presents the experimental observations obtained during the pin-on-disc wear tests. A systematic
analysis of friction coefficients, wear rates, and SEM images of the worn surfaces clearly shows the benefits
of PEEK reinforcement for improving the tribological properties in applications where the material is
subjected to loads.

The wear test results demonstrate a pronounced relationship between the degree of reinforcement, wear
resistance, and frictional characteristics for the base Acrylate, a 5 wt. % PEEK in Acrylate composite, and
a 10 wt. % PEEK in Acrylate composite. The base Acrylate exhibited a friction coefficient of 0.45 and the
highest wear rate, measured at 1.2x 10" mm*/N-m.

SEM analysis of the base Acrylate surface revealed visible wear tracks and significant material removal,
indicating its limited wear resistance, which is expected for an unreinforced polymer. The friction coefficient
for the 5 wt. % PEEK in Acrylate composite decreased to 0.40, and the wear rate decreased to 0.9x10™° mm’/
N-m. SEM images of the 5 wt. % PEEK composite surface showed improved uniformity and moderate wear
tracks, indicating that the introduction of 5 wt. % reinforcing particles enhances the material’s structural
integrity and, consequently, its wear resistance.
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Table 5
Experimental Observation Table for Pin-on-Disk Wear Test
Sliding Sliding

Speed Distance
(m/s) (m)

Wear Rate Coefficient
(rnm3/N ‘m) | of Friction

Normal

Load (N) SEM observations

Material Type

Smooth surface with slight
Base Acrylate 10 1 1,000 1.2x10° 0.45 wear tracks; minor material
removal observed

5 % wt. PEEK moderste wear marks. bt
in Acrylate com- 10 1 1,000 09x10° 0.4 :
posites reduced material loss com-

pared to base Acrylate

Enhanced surface homoge-
neity; minimal wear tracks,
indicating higher wear re-
sistance

10 % wt. PEEK
in Acrylate com- 10 1 1,000 0.7%10° 0.35
posites

The 10 wt. % PEEK in Acrylate composite demonstrated the best wear resistance among the tested
materials, with a wear rate of 0.7x10° mm’/N-m and a friction coefficient of 0.35. SEM images of the
10 wt. % PEEK in Acrylate composite surface revealed high uniformity and minimal wear tracks,
indicating a significant improvement in wear resistance at this reinforcing component concentration. This
improvement is likely due to the uniform distribution of reinforcing particles, which effectively prevents
material degradation under friction and load.

Increasing the degree of reinforcement from base Acrylate to the 10 wt. % PEEK composite leads to an
improvement in both wear resistance and frictional properties. This indicates that increasing the degree of
reinforcement enhances the structural integrity of the composite, reducing erosion and friction under high-
load conditions. Fig. 12 shows a liner fabricated via DLP 3D-printing from the 10 wt. % PEEK in Acrylate
composite biomaterial. This allows for the conclusion that the 10 wt. % PEEK in Acrylate biomaterial
is suitable for 3D-printing at room temperature in order to obtain the desired geometry for orthopedic
implants.

Fig. 12. DLP 3D-printed hip joint implant liner made from
Acrylate composite with 10 wt % PEEK
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Conclusion

This study highlights the advanced properties of 10 wt. % PEEK in Acrylate composites biomaterials,
demonstrating their enhanced wear resistance and improved mechanical properties compared to Acrylate
composites with lower PEEK content and base Acrylate materials.

—The 10 wt. % PEEK in Acrylate composites biomaterial possesses an optimal balance of strength,
stiffness, and ductility, which is critical for load-bearing applications such as orthopedic implants.
Pin-on-disc wear tests showed a significant reduction in the specific wear rate of the 10 wt. % PEEK
in Acrylate composite at various loads and speeds, confirming its suitability for use in high-stress
environments.

—SEM and EDS studies confirmed the uniform distribution of PEEK particles within the polymer matrix,
which ensures improved mechanical properties and durability of the composite material.

— The ability of the 10 wt. % PEEK in Acrylate composite to maintain mechanical integrity under
harsh tribological conditions makes it a promising material for long-term applications in orthopedics,
particularly in joint implants where wear resistance and mechanical characteristics are crucial for successful
implantation.

— The improved wear resistance and enhanced mechanical strength of this composite reduce the risk of
implant failure due to material degradation, which is an important factor determining the lifespan of hip-
joint implants.

— The 10 wt. % PEEK in Acrylate composite biomaterial can be processed using DLP 3D-printing
at room temperature, and the resulting products are suitable for the fabrication of biomedical implants,
prosthetic implants, tissue engineering scaffolds, and other healthcare applications.

However, further research is needed to fully understand the behavior of these composite materials in
realistic clinical conditions.

— Future studies should focus on fatigue testing to evaluate the material’s durability under cyclic loading
conditions that simulate the loads experienced by implants installed within the human body.

— In addition, clinical trials are needed to confirm the biocompatibility and performance of this material
over extended periods.
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