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Abstract. PMMA, PC, and PEEK are thermoplastic polymers that possess favorable properties for biomedical 
applications. These polymers have been used in fields of maxillo-facial, orthopedic, intraocular surgery, and 
bio-implant, due to their excellent mechanical properties, osteoinductive potential, and antimicrobial 
capabilities. In this study, the effect of heat treatment on the mechanical properties of 3D printed polymers was 
characterized. By modifying printing temperature and post heat treatment process, the mechanical properties 
were specifically tailored for different applications, correlating with the properties of the implants that are 
commonly made using molding processes. 

1 INTRODUCTION 
Mechanical properties of materials including elasticity, 
yield strength, ultimate tensile strength, flexural strength, 
and ductility are part of materials specifications, and 
these properties determine the duration, biocompatibility, 
regeneration of biomaterials when the implantation is 
applied. Materials scientists have studied various ways of 
modifying the intrinsic properties of materials, either by 
combining one or more materials to produce different 
types of alloys or composites or by subjecting them to 
specific processes, such as heat treating. Heat treatment 
of polymers is one of the most effective methods of 
modifying the mechanical properties and widening their 
applications.  
 
Additive Manufacturing (AM) or 3D printing technology 
have been applied to a biomedical application for the in-
vitro and in-vivo test using metal/polymer implantation 
materials. However, the materials and process itself has 
not been standardized so far and still has unknown factors 
[1]. 3D printed polymers or composite polymers for 
medical application need to be tested for printability, 
reliability, and reproducibility in the geometry required 
for tensile specimens according to ASTM D638 [2]. The 
uncertainties of 3D printing technology which come from 
the heat transformation, energy dissipation and cooling 
should be clarified. For the reliability test, the specimens 
were heat treated at various temperatures to measure the 
changes in mechanical properties. The heat treatment of 
polymer-based composites resulted in improvement of 
mechanical properties, including fatigue resistance, 

fracture toughness, tensile strength, wear resistance, and 
friction coefficient [3]. The flexural properties have been 
tested following ASTM 790 [4]. The friction tests in 
polymers have reported to be affected by various aspects 
such as real contact area, which is dependent on 
temperature and sliding velocity [5].  
 
Velocity has a different effect on friction characteristics, 
depending on whether the test is conducted at low or high 
speeds. This is also applicable for the contact pressure or 
applied load [6]. In this study, we have attempted to 
compare the friction behavior of the polymers before and 
after heat treatment. 
 
Thermoplastic polymers such as PMMA, Polycarbonate 
(PC), and Poly(aryl-ether-ether-ketone) (PEEK) have 
been used for the mechanical analysis.  
 
PMMA is a non-degradable polyacrylate, the most 
commonly applied non-metallic implant material in 
orthopedics. Due to its excellent biocompatibility, 
hemocompatibility, and ease of manipulation, PMMA has 
been widely used in many medical devices, including 
blood pumps and dialyzers. It is an ideal candidate 
material for implantable ocular lenses and hard contact 
lenses by its optical properties [7].  
Polycarbonate (PC) is one of the most popular 
engineering resins in the medical device market, offering 
an unusual combination of strength, rigidity, and 
toughness. It provides glass-like clarity that is critical for 
many medical devices [8].  It is a thoroughly tested 
plastic used today and has a safety track record of more 
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than 50 years. It is available in different grades that 
comply with biocompatibility testing standards[8].  
Poly(aryl-ether-ether-ketone) (PEEK) belongs to a family 
of high-temperature thermoplastic polymers, consisting 
of an aromatic backbone molecular chain, interconnected 
by ketone and ether functional groups. PEEK has been 
applied as a biomaterial over a decade, and a half of the 
uses are successful in the clinical history of load sharing 
fusion applications in the spine [9][10]. 
 
Biomaterials, human-made or natural origin, are used to 
supplement, direct, or replace parts or functions of living 
tissues in the human body. Biomaterials perform in the 
body’s internal environment, withstanding the pH of 
body fluids as well as stress and compression forces, 
which may vary up to 10 times the body weight, as when 
jumping (9,000 N) [11].  
 
In general, metals or ceramics are used for hard tissue 
applications, and polymers are used for soft tissue 
applications [12]. A wide number of polymers are used in 
various biomedical applications; however, most of the 
plastic composites are too flexible or too weak to meet 
the demands of a particular applications. One of the 
attempts to improve the mechanical strength and 
electrical conductivity of 3D printed structures was 
implemented by adding nanoparticles to polymers, metals, 
and ceramics matrix. [13-15].  
 
It is reported the tensile strength of the biopolymer 
composite could be increased by 40%, due to the increase 
of the interface area, packing factors and internal energy. 
[16] The feasibility of the printability and modification of 
specific properties by heat treatment is explored to 
evaluate the practicability of polymer, polymer-
composites and dispensing powders in non-traditional 
applications [17-20]. In a case of 3D printing with 
polymer or composite materials, effects of the apparent 
density changes in various printing techniques, including 
theoretical studies on electrical conductivity as well as 
mechanical strength were discussed, and standardization 
of the mechanical strength studies have also been 
reported. [21]. The Hagen–Poiseuille (HP) equation was 
applied to find the constant volume flow rate and the 
variation in the amount of discharged fluid for non-
Newtonian material and applied to 3D printed liquid 
drugs. A procedure to control the constant volume flow 
has been formulated into 3D-printed structures and 
composite for the pharmaceutical training program at The 
University of Texas at El Paso (UTEP) and has been 
patented [22][23]. 
 

2 MATERIALS AND HEAT TREATMENT 

All samples were printed as filaments having a 1.75×10-3 
m diameter using 3D printers designed by the research 
team, Center for Printable Materials Certification 
(CPMC), with a nozzle diameter of 8.0×10-4 m. The 
filaments used in this study were: PC-Plus from 

Polymaker with a recommended printing temperature 
(RPT) of 250 – 270 ⁰C; PMMA from Rigid Ink, with a 
RPT of 250 – 260 ⁰C; and PEEK Filament from Victrex 
with a RPT of 360 ⁰C.  Tensile and bending test samples 
were printed according to ASTM DS 638 standard type V, 
and ASTM 790 (see Figure 1), and tested in Test 
Resources 100 series equipment. Friction coefficient was 
measured on discs with a diameter of 4.5×10-2 m, using 
an Anton Paar TBR tribometer, with a 6.0×10-3 m ball, a 
5 N load, 30 rpm, and for 20 minutes. All tests were 
performed at room temperature ≈ 20 ⁰C. 

 
Figure 1. (a) Tensile Testing Standard Specimen specifications 
for ASTM DS 638 type V, (b) 3D printed sample used for 
tensile testing, (c) ASTM 790 bending test sample (d) pin-on 
wheel wear test sample. 
 
Table 1 shows the printing temperature and heat 
treatment temperatures, for which 90 and 150 % of the 
glass transition temperatures (Tg) reported in the MSDS 
sheet from the suppliers. The samples were kept in the 
furnace for 60 minutes; then the furnace was turned off 
until room temperature was reached (around 60 minutes). 
For the bending and wear tests, the optimum printing and 
heat treatment temperatures were chosen. 
 
 
Table 1. Printing temperatures and heat treatment temperatures 
used for PC, PMMA, and PEEK. 

3 RESULTS AND DISCUSSION  

Shore Hardness values were obtained from the 3D printed 
samples before and after heat treatment. The hardness of 
the printed samples increased after heat treatment, but it 
mainly decreased when the annealing temperature was at 
150 % of Tg. 

The tensile strength values for PC, PMMA, and PEEK 
are 65, 70, and 96 MPa respectively as seen in Figure 2. 
And also, it shows the tensile results before and after heat 
treatment. Heat treatment of PC at 90 % of Tg resulted in 
an increase in the strength of around 10 MPa at all 
printing temperatures. The heat treatment at 150 % of Tg 

Materials Printing Temp. Post-Heat Treatment 
Temp. 

PC 232 ⁰C, 255 ⁰C, 280 ⁰C 132 ⁰C, 220 ⁰C 
PMMA 232 ⁰C, 255 ⁰C, 280 ⁰C 97 ⁰C, 162 ⁰C 
PEEK 345 ⁰C, 355 ⁰C 128 ⁰C, 215 ⁰C 
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made the samples to become very brittle, showing a sharp 
decrease in UTS around 80 MPa to about 40 MPa after 
the heat treatment.  

For PMMA, the results also showed a slight increase in 
strength for the heat treatment at 90 % of Tg, from about 
60 to 80 MPa, and a sharp decrease of strength and 
ductility when heat treated at 150 % of Tg. Both PC and 
PMMA showed a reduction in Young’s modulus when 
heat treated at 150% of Tg, as can be observed by the 
decrease in the slope in all cases. PEEK demonstrated a 
minimal change in stress after heat treatment.  

As heat treatment was increased to 150 % of Tg, the 
change in Young’s modulus was minimum, although the 
UTS showed a decrease.  

 
Figure 2. Tensile test results of (a) PC, (b) PMMA and (c) 
PEEK before and after heat treatment. 

Heat treatments at 150 % of Tg, resulted in deformation 
and change in sample size dimensions. For this reason, it 
was decided to conduct the bending and wear testing for 
heat treatments only at 90% of Tg. 

Bending tests results are depicted in Figure 3(a) PC, (b) 
PMMA and (c) PEEK. These tests did not show much 
improvement in the strength of any of the tested polymers. 
There was a change in the maximum load of less than 
10 %, in all three polymers. The most significant 
difference between them is the fact that PMMA showed a 
more brittle behavior, but results were very similar to the 
ones obtained in tensile tests, while PC and PEEK 
exhibited distinct behaviors by tensile and bending test. 
Previous studies have also suggested the results of tensile 
and bending varies with the size of the specimen, as well 
as the strain rate. The results indicated that it would be 
essential to test depending on the future applications of 
the material.  

 

Figure 3.  Bending test results of (a) PC, (b) PMMA and (c) 
PEEK before and after heat treatment. 

 

Wear testing was performed on circular samples 
measuring 4.0×10-2 m in diameter. Figure 4 shows the 
mean Friction Coefficient values, inset in the graph 
depicts SEM image of wear test zone showing the worn 
line. 

 
Figure 4. Mean Friction Coefficient values obtained for circular 
samples of the three polymers used. Inset showing SEM 
representative image of wear test area on a PMMA sample 
without heat treatment 

For the further application of PMMA and its tribological 
behavior, wear test was implemented as shown in Figure 
5. It was tested as constant the normal force of the pin (5 
N), the pin diameter (6.0×10-3 m), the wear radius track 
(1.0×10-2 m), the time that the test took place (20 
minutes), and the rotation velocity of the disk (30 rpm). 
Based on the results obtained, Figure 5 also shows a 
slight decrease in the friction coefficient after heat 
treatment, which suggests that the surface obtained after 
heat treatment is more smother in comparison to the one 
obtained before heat treatment. These results demonstrate 
that roughness obtained during the 3D printing process 
was bigger if heat treatment is not performed, which is 
favorable for the biocompatibility.  

Although it is shown that the mechanical properties 
increased after heat treatment (Figs. 2 and 3), it is 
important to mention that the roughness of the 3D printed 
piece decreased which cannot be favorable for the initial 
cell survival rate and cell attachment, which can lead to a 
rejection of the piece by the body. The SEM images 
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(Figure 5), shows the road formed by the wear test, 
before (a and b) and after (c and d) heat treatment.  

 

Figure 5 SEM images of the 3D printed PMMA disc after the 
wear test. (a) & (b) before Heat Treatment, (c) & (d) after Heat 
Treatment 
The SEM images Figure 5 a) and b) shows an irregular 
and deeper road compared to that of in the c) and d) 
images. Also, the SEM images in Figure 5 c) and d) show 
a smoother surface compared to the that in Figure 5 a) 
and b) images. The comparison shows how the heat 
treatment influenced the surface properties and the 
abrasion resistance of the 3D printed material.  

Figure 6 shows the relation between the friction 
coefficient versus time for PMMA samples. In the 
beginning, a constant and rapid increment of static 
friction with a slope of 0.0092 is shown with a duration 
of nearly 100 seconds. 

 

Figure 6 Wear test before heat treatment for PMMA 

Figure 7 (sample after heat treatment) shows a slow 
increment compared to the sample before heat treatment 
with a slope of 0.0015 and a duration of nearly 700 
seconds  

 

Figure 7. Wear test After Heat Treatment for PMMA 

The force required to remove material during the test is 
less after- than before- heat treatment, which supports the 
hypothesis that the roughness after heat treatment 
decreases. The roughness of the surface and the porosity 
of the sample can lead to the optimal biocompatibility of 
the cells and a rapid recovery process from the surgery. 
The effect that roughness has on the surface made by the 
3D printing process can be observed in Figure 8. The 
surface roughness data was obtained from point a to point 
b in Figure 8 and which is 1.47, where 1 represent a 
smoother surface and more than one represents a rough 
surface. 

 

Figure 8 SEM image of the cross-sectional area of PMMA 
Tensile Testing Standard “ASTM DS 638 type V” 

4 CONCLUSIONS  

An increase in strength was observed in the polymers 
used after heat treatment than 3D Printed as-is (before). 
The increase in strength was due to the recrystallization 
that the materials undergo during heat treatment. The 3D 
printing technique deposits fused filament layer by layer, 
as it solidifies, it undergoes recrystallization in which the 
molecules are rearranged in an ordered position. However, 
it is critical not to exceed the Tg temperature of the 
materials for heat treatment because it results in a 
decrease in strength. Even though PEEK did not show a 
change in dimensions as large as the other polymers; PC 
and PMMA, no benefits were observed in subjecting the 
polymers to a heat treatment above their Tg 
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