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ABSTRACT
Silicon nitride (Si3N4) is reported to exhibit antibacterial properties and support osteoblast maturation, while polyetherketoneke-
tone (PEKK) is considered to potentially have antibacterial and osseointegrative properties while offering favorable manufactur-
ability through extrusion-based additive manufacturing compared to traditional ceramics manufacturing. Incorporating silicon 
nitride into PEKK is hypothesized to enhance its bioactivity while maintaining processability, making Si3N4-PEKK composites 
promising for medical implants. Our objective was to determine optimal fused filament fabrication (FFF) parameters for PEKK 
and Si3N4-PEKK. Taguchi optimization (L9 array, n = 5) was performed on PEKK and 15 vol.% Si3N4-PEKK to assess the im-
pact of printing parameters (layer height: 0.1, 0.2, and 0.3 mm; nozzle temperature (PEKK/Si3N4-PEKK): 340/380, 370/400, and 
400/420; bed temperature: 130°C, 150°C, and 170°C; and chamber temperature: 110°C, 130°C, and 150°C) on ultimate tensile 
strength (UTS). Z-directional tensile specimens were printed on a medical FFF printer. Specimens underwent tensile testing 
according to ASTM D638. Signal/noise ratios for UTS were calculated and ANOVA (Minitab 21.4.2) was used to assess statis-
tical significance (p < 0.05). Layer height had the greatest impact on UTS for both PEKK and Si3N4-PEKK. Optimal nozzle and 
chamber temperatures were 400°C and 130°C, respectively, while the optimal layer height was 0.1 mm for both materials. The 
optimal bed temperature for PEKK and Si3N4-PEKK was 150°C and 170°C, respectively. For PEKK, differences in all parameters 
were significant except for bed temperature, while for Si3N4-PEKK all parameters were significant except for nozzle temperature. 
The specimens with optimum statistically significant parameters showed the highest UTS for both PEKK (91 ± 2 MPa) and Si3N4-
PEKK (76 ± 3 MPa). Layer height is the most influential printing variable for both PEKK and Si3N4-PEKK. The optimal PEKK 
printing condition has a comparable UTS, while Si3N4-PEKK achieved 84% of the injection-molded value for neat PEKK.

1   |   Introduction

Infection and bone integration remain critical issues across 
orthopedic, craniomaxillofacial, and spinal implants [1]. In 
addition to the potential health risks, infections can create a 
significant economic burden [2], driving research into various 
strategies to reduce infection, from modifying surgical condi-
tions to reduce infection risk through passive and active sur-
face modifications for antibacterial implant surfaces [3]. Of 

particular interest are potential biomaterials that have inherent 
anti-infective properties. Silicon nitride (Si3N4) is a ceramic with 
reported antibacterial and osseointegrative properties. Its anti-
bacterial effects have been attributed to surface topography, neg-
ative surface charge, and ammonia elution [4–8]. Additionally, 
its hydrophilicity, induced by polar surface moieties, has been 
suggested to enhance protein adsorption and promote bone 
formation [9–11]. Although Si3N4 can be used to fabricate all-
ceramic implants, its high elastic modulus may lead to stress 
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shielding, subsidence, and increased risk of brittle fracture [12]. 
Additionally, the manufacturability of this ceramic via additive 
manufacturing techniques, like digital light processing (DLP) 
or stereolithography (SLA), is quite difficult due to absorption 
of UV or laser energy and difficulty curing, while more tradi-
tional ceramic manufacturing is time intensive with sintering 
and machining. Therefore, using Si3N4 in a composite with a 
PAEK polymer may combine Si3N4's bioactive properties with 
a modulation of its mechanical properties and allow for additive 
manufacturing techniques.

With the advent of 3D printing, polyaryletherketones (PAEKs) 
have gained further interest in medical applications, due to 
their mechanical properties, which more closely align with 
bone compared to metallic implants [13], as well as their abil-
ity to be fabricated using fused filament technology to create 
complex geometries and incorporate porosity [14]. Historically, 
polyetheretherketone (PEEK) is most commonly used in spinal 
fusion and cranioplasty [15–18], however, 3D printing of PEEK 
remains challenging due to its high processing temperature [15], 
and it lacks antibacterial or osseointegrative properties, as it 
is hydrophobic and largely inert [19]. An alternative emerging 
PAEK in the medical field is polyetherketoneketone (PEKK), 
which exists in several standard grades due to the ratio of the 
terephthalic and isophthalic isomers (T/I). Modulation of this 
ratio allows for control of the crystallization behavior, with 
lower ratios, such as the 60/40 T/I that is commonly used in 
PEKK printing filaments, having mechanical properties similar 
to PEEK but with lower processing temperatures [20], making 
it easier to 3D print via FFF. Additionally, surface modified 
PEKK has been proposed to have some antibacterial proper-
ties [21] while chemically surface modified PEKK also showed 
enhanced osseointegrative properties [22] compared to similarly 
modified PEEK; however, it is important to note that both stud-
ies included surface modification and do not speak to unmodi-
fied PEKK.

While FFF printing of PEEK has been well studied, the impact 
of printing parameters on the mechanical properties of PEKK 
remains less understood [23–27]. While a few studies have 
focused on optimizing printing parameters for the flexural 
properties of PEKK [28–30], fewer have looked at optimizing 
tensile strength [31, 32]. Although, these studies investigated 
the tensile strength of FFF PEKK, Rashed et al. [32] did not 
examine any thermal printing parameters and Magri et al. [31] 
did not use any experimental design methods to robustly test 
multiple print parameters. In addition, neither investigated 
the effect of printing parameters on vertically printed tensile 
specimens. An additional study on 3D printed PEKK analyzed 
the effect of print orientation; however, they did not optimize 
any of the printing parameters [33]. Doyle et al. [33] found a 
reduction in strength in the z-direction for PEKK, supporting 
the conclusion that this orientation exhibits the weakest ad-
hesion strength of the print directions and requires additional 
optimization. Furthermore, the effect of the silicon nitride 
particles on the mechanical properties of 3D printed PEKK re-
mains unknown. Ceramic additives in PEEK and PEKK have 
yielded mixed results, with some studies reporting an increase 
in strength [34, 35], while others report a decrease [36, 37]. 
It is hypothesized that the effect of the ceramic is contingent 
on whether the ceramic–polymer matrix effectively transfers 

stress from the polymer to the stronger ceramic, or if the inter-
action between the polymer and ceramic is limited [38]. Thus, 
establishing the impact of FFF printing parameters on the 
mechanical properties and crystallinity of Si3N4-PEKK is cru-
cial to determining whether it can be printed with sufficient 
strength for medical implants.

We investigated FFF printing parameters for vertically oriented 
PEKK and Si3N4-PEKK using the Taguchi method to determine 
their mechanical strength, while also considering changes in 
thermal properties. The objectives of this study were: (1) Find 
the optimized FFF parameters for PEKK and Si3N4-PEKK. (2) 
Compare the mechanical properties of FFF printed PEKK and 
Si3N4-PEKK to neat injection-molded PEKK. (3) Determine the 
influence of printing parameters and the inclusion of silicon ni-
tride on the thermal properties and crystallinity of PEKK.

2   |   Materials and Methods

2.1   |   Taguchi

The Taguchi method was selected to evaluate the impact of 
multiple printing parameters while minimizing the number of 
experiments. It is a statistical method that involves using an or-
thogonal array to efficiently test multiple parameters with a min-
imal number of conditional set-ups. Nozzle (340°C–400°C for 
PEKK and 380°C–420°C for Si3N4-PEKK), bed (130°C–170°C), 
chamber temperatures (110°C–150°C), and layer height 
(0.1–0.3 mm) were chosen for evaluation, as they were identified 
as key parameters in the relevant review literature [23–29, 31]. 
Each parameter was assessed at three levels across the printable 
range: low, medium, and high. An L9 orthogonal array was em-
ployed to evaluate four parameters across three levels (Table 1).

2.2   |   Materials and Manufacture

For this study, a 60/40 terephthalic/isophthalic (T/I) implantable-
grade PEKK filament (1.75 mm) was used (IMPEKK 3D-F-T, 
Seqens, Aramon, France). The Si3N4-PEKK filament (1.75 mm) 
was compounded using medical-grade PEKK pellets (IMPEKK, 
Seqens, Lyon, France) with silicon nitride powder (AP2, Sintx 
Technologies, Salt Lake City, UT, USA) at 15 vol.% (~30 wt.%). 
Silicon nitride particles have a median (D50) particle size of 
0.8 μm. Both filaments were dried prior to 3D printing at 100°C 
for 8–12 h to reduce potential impact from moisture. Pentagonal 
towers were printed in the Z-direction on a medical FFF printer 
(EXT 220 MED, 3D Systems, Munich, Germany) using pre-
determined printing parameters according to the Taguchi array 
(Figure 1A) while all other parameters remained constant. ISO 
527 1BA [39] tensile specimens, with a nominal gauge length of 
25 mm, were then machined via CNC from pentagonal towers 
(Figure 1B).

2.3   |   Mechanical Testing

Specimens underwent tensile testing on a calibrated electrome-
chanical MTS Exceed system (Exceed E43, MTS, Eden Prairie, 
MN, USA). Testing was performed according to ISO 517 at a 
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test rate of 1 mm/min [39]. A calibrated extensometer (Model 
3542, Epsilon, Jackson, WY, USA) was used for accurate strain 
measurements. Stress–strain curves were plotted from the data 
(Figures A1 and A2, Appendix A) and ultimate tensile strength 
(UTS), elastic modulus (E), yield strength, and strain at break 
values were calculated from the curves using a custom script 
in MATLAB 2023a (The MathWorks Inc., Natick, MA, USA), 
following the recommendations of ISO 527 as a guideline [39]. 
The modulus was determined as the slope of the first linear 
region and was used to calculate the 0.2% offset yield point 
(Appendix A). The ultimate tensile strength was identified at the 
peak stress of the stress–strain curves while the strain at break 
was identified as the final strain point (Table A1, Appendix A).

2.4   |   DSC

Differential scanning calorimetry (DSC) was conducted on the 
highest strength (Condition 9, Table 1) and the lowest strength 
(Condition 3, Table 1) PEKK and Si3N4-PEKK printed samples 
(n = 3 each) in accordance with ASTM D3418 [40]. Technically 
Condition 3 was the second lowest strength for Si3N4-PEKK, 
but it was chosen to keep the conditions the same for both ma-
terials and will hereafter be referred to as the lowest strength 
condition. Three-millimeter round cylinders were punched 
from the grip region of the tensile specimens and after mass 
measurement, they underwent DSC analysis (TA Q2000 DSC 
with a RCS90 Cooler, TA Instruments, New Castle, DE, USA). 

TABLE 1    |    Taguchi parameters for PEKK and Si3N4-PEKK evaluated four printing parameters at three levels across nine conditions.

Condition

Nozzle temperature 
(°C)

Bed temperature (°C) Chamber temperature (°C) Layer height (mm)PEKK Si3N4-PEKK

1 340 380 130 110 0.1

2 340 380 150 130 0.2

3 340 380 170 150 0.3

4 370 400 130 130 0.3

5 370 400 150 150 0.1

6 370 400 170 110 0.2

7 400 420 130 150 0.2

8 400 420 150 110 0.3

9 400 420 170 130 0.1

FIGURE 1    |    Specimens were printed as pentagonal towers (A: Si3N4-PEKK tower) then machined into ISO 527 1BA [39] tensile specimens (B: 
Si3N4-PEKK tensile specimen).
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Samples were heated from 100°C to 400°C at a rate of 20°C/
min. DSC analysis of the first heating trace was used to obtain 
the cold crystallization temperature (Tcc), melting temperature 
(Tm), and enthalpy (∆H), where ∆H is the difference between the 
melting enthalpy (∆Hm) and cold crystallization enthalpy (∆Hcc). 
Crystallinity (Xc) was calculated using the following equation, 
where w is the weight fraction of the polymer and ∆H100% is the 
melting enthalpy of a theoretical 100% crystalline polymer. The 
∆H100% for PEKK was 130 J/g [31, 32, 41].

2.5   |   Imaging

Digital optical microscopy (Keyence VHX-7000 digital optical 
microscope (DOM), Keyence Corp., Itasca, IL, USA) was used 
to image the fracture surfaces of the PEKK and Si3N4-PEKK 
tensile specimens following mechanical testing to examine 
failure mechanisms and imperfections, such as voids, resulting 
from the printing process. Additionally, specimens exhibiting 
notable features under DOM were further examined using scan-
ning electron microscopy (Apreo 2S Lo Vac Scanning Electron 
Microscope (SEM) Thermo Fisher Scientific, Waltham, MA, 
USA) at higher magnification.

2.6   |   Data Analysis

Using the Taguchi array set-up, signal/noise (S/N) ratios for 
UTS were calculated for each condition (n = 9, Table  1) using 
Equation (2), where C is the condition number, i is the sample 
number, n is the number of samples per condition, and Yi is the 
UTS for each sample.

The S/N ratios were then averaged for each level (n = 3) of each 
print parameter (n = 4). The influence of each parameter was de-
termined by calculating the delta (D), defined as the difference 
between the highest and lowest S/N ratios for that parameter.

Higher deltas show more impact on the UTS; therefore, the pa-
rameters were then assigned rankings (R) from one to four for 
the highest delta to the lowest. The mean (M) value of each con-
dition was calculated using Equation (4), where i is the sample 
number, n is the number of samples per condition, and Yi is the 
UTS for each sample. These means were then averaged across 
each level of each parameter.

Normality was assessed using the Shapiro–Wilk test. UTS and 
E for both materials were compared via analysis of variance 
(ANOVA), followed by a post hoc Tukey Honest Significant 

Difference test. Taguchi parameter levels were compared via 
multifactorial ANOVA (Minitab 22.1, Minitab LLC, State 
College, PA, USA), using an alpha level of 0.05. Crystallinities 
of the highest and lowest strength PEKK and Si3N4-PEKK 
were compared via t-test (SPSS Statistics 29, IBM Corporation, 
Armonk, NY, USA).

3   |   Results

3.1   |   Taguchi and Mechanical Testing

UTS varied between 66.5 and 91.0 MPa for PEKK and 35.1 and 
76.0 MPa for Si3N4-PEKK (p < 0.001 for both) showing the rele-
vant impact of the processing parameters (Figure 2). The con-
dition at which the highest performance was achieved for both 
materials (Condition 9: highest nozzle and bed temperatures, 
medium chamber temperature, and lowest layer height) was sig-
nificantly stronger than all other conditions except Condition 5, 
which was the condition with the same layer height and lower 
nozzle and bed temperatures with higher chamber tempera-
ture (mean differences = 13.1, 12.4, 24.5, 24.0, 16.8, 10.1, and 
23.4 MPa for PEKK and mean differences = 13.8, 18.6, 32.9, 30.6, 
21.2, 20.6, and 41.0 MPa for Si3N4-PEKK Conditions 1–4 and 
6–8, respectively, p < 0.05). Highest UTS (Condition 9 for both) 
for PEKK (91 MPa) reached 101% of the 90 MPa tensile strength 
value for the datasheet value of injection-molded PEKK [42], 
while Si3N4-PEKK (76.0 MPa) achieved 84% of the datasheet 
value. E varied between 2.7 and 3.0 GPa for PEKK and 3.0 and 
4.3 GPa for Si3N4-PEKK (p < 0.001 for both) conditions. The stiff-
est condition for PEKK (Condition 7: highest nozzle and cham-
ber temperatures, lowest bed temperature and medium layer 
height) was only significantly stiffer than Condition 3 (lowest 
nozzle temperature, highest chamber and bed temperatures), 
Condition 4 (medium nozzle temperature, lowest bed tem-
perature, and medium chamber temperature), and Condition 
8 (highest nozzle temperature, medium bed temperature, and 
lowest chamber temperature), which were the three conditions 
with the 0.3 mm layer height (0.3, 0.4, and 0.4 MPa, respectively, 
p < 0.05). The stiffest condition (Condition 9: highest nozzle and 
bed temperatures, medium chamber temperature, and lowest 
layer height) for Si3N4-PEKK was significantly stiffer than all 
0.3 mm layer height conditions (Conditions 3, 4, 8, mean differ-
ence = 1.0, 1.0, and 1.3, p < 0.05) and two of three 0.2 mm layer 
height conditions (Conditions 2 and 6, mean difference = 0.4 and 
0.5, respectively p < 0.05). Highest E for PEKK (3.0 GPa) reached 
97% of the injection-molded PEKK, while highest Si3N4-PEKK 
(3.4 GPa) exceeded the datasheet value, reaching 139% [42].

Using the Taguchi array, S/N ratios were calculated and ana-
lyzed for UTS and E indicating that layer height had the greatest 
impact on the UTS and E, with a delta of 2.0 and 4.8 for PEKK 
and Si3N4-PEKK UTS, and delta values of 0.9 and 2.5 for PEKK 
and Si3N4-PEKK E, respectively (Table 2, Figure 3). A smaller 
layer height (0.1 mm) resulted in higher strength in both ma-
terials and higher modulus in Si3N4-PEKK than higher layer 
heights (0.2 and 0.3 mm), but it is important to note that reduc-
ing layer height increases print time. For example, printing the 
pentagonal towers with the lowest layer height (0.1 mm) took 
3 h 23 min, whereas the highest layer height (0.3 mm) required 
1 h 9 min. The second most influential parameter was chamber 

(1)Xc =
ΔH
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temperature, with delta values of 0.6 and 1.7 for PEKK and 
Si3N4-PEKK UTS, and 0.4 and 0.5 for PEKK and Si3N4-PEKK E, 
respectively (Table 2). After layer height and chamber tempera-
ture, the third most influential parameter for PEKK UTS was 
nozzle temperature (delta = 0.6), followed by bed temperature 
(delta = 0.2). In contrast, for PEKK E and Si3N4-PEKK UTS and 
E, bed temperature was the third most influential (deltas = 0.15, 
0.82, 0.25, respectively), with nozzle temperature being the 
least influential (deltas = 0.14, 0.67, and 0.17, respectively). For 
UTS, layer height, chamber temperature, and nozzle tempera-
ture were significant parameters for PEKK (p < 0.001, p = 0.002, 
and p = 0.002, respectively, Figure  3A), while layer height, 
chamber temperature, and bed temperature were significant 
parameters for Si3N4-PEKK (p < 0.001, p < 0.001, and p = 0.020, 
respectively, Figure 3B). UTS was strongest at layer heights of 
0.1 mm and chamber temperatures of 130°C for both PEKK and 

Si3N4-PEKK (Table 2). The UTS was strongest for a nozzle tem-
perature of 400°C for PEKK and a bed temperature of 170°C for 
Si3N4-PEKK. Only layer height was significantly impactful on 
E of PEKK (p < 0.001, Figure 3C), while both layer height and 
chamber temperature were significant parameters on E of Si3N4-
PEKK (p < 0.001 and p = 0.012, respectively, Figure 3D). E was 
highest at layer heights of 0.2 mm for PEKK and 0.1 mm and 
chamber temperatures of 130°C for Si3N4-PEKK.

3.2   |   DSC

Cold crystallization peaks (Tcc) were noted to occur in the 
first heating trace at significantly higher values for PEKK 
than for Si3N4-PEKK (p < 0.001 for both, mean = 263°C and 
253°C, respectively.) (Figure 4, Table 3). Similarly, the melting 

FIGURE 2    |    Conventional box plots showed the range of ultimate tensile strength (UTS) (A) and elastic modulus (B) for conditions of PEKK 
and Si3N4-PEKK. UTS varied between 67 and 91 MPa for PEKK conditions and 35 and 76 MPa for Si3N4-PEKK conditions. Elastic modulus varied 
between 2.7 and 3.0 GPa for PEKK conditions and 3.0 and 4.3 GPa for Si3N4-PEKK conditions. The dashed line represents the UTS (A) and elastic 
modulus (B) of injection-molded neat PEKK [42].
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temperature (Tm) for PEKK was significantly higher than that 
for Si3N4-PEKK (p < 0.001 for both, mean = 303°C and 313°C). 
It was found that Si3N4-PEKK differed significantly in percent 
crystallinity (p < 0.001, mean = 3.60%) when compared with 
PEKK (mean = 1.11%). However, the difference in crystallinity 
between the highest and lowest strength groups was not signifi-
cant for both PEKK (mean = 1.18% and 1.04%, respectively) and 
Si3N4-PEKK (mean = 3.90% and 3.28%, respectively).

3.3   |   Imaging

It was observed that the general mode of failure for both PEKK 
and Si3N4-PEKK was brittle fractures, with PEKK showing 
better layer-to-layer adhesion with breakages occurring both 
along and across the printed layers. Only a few of the strongest 

PEKK specimens (0.1 mm layer height) showed slight necking, 
in the fracture zone. The 0.1 mm layer height PEKK specimen 
showed greater adhesion across print lines with a smaller gap 
between print lines as seen in the 0.2 and 0.3 mm (Figure 5A–C) 
layer height specimens. In the Si3N4-PEKK specimens, the 0.2 
and 0.3 mm layer height specimens (Figure 5E,F) showed voids 
that were not observed in the 0.1 mm layer height specimens 
(Figure 5D). When examined under SEM, it was observed that 
these voids were smooth in the 0.3 mm layer height specimen, 
indicating that they were likely air bubbles trapped during the 
printing process and not from silicon nitride particle pullout 
or from material transferring from one layer to another during 
fracture (Figure  5G). Additionally, the surface of the 0.1 mm 
layer height specimen showed a more uniform uneven surface 
from the material transfer of the Si3N4-PEKK layers pulling 
away from each other (Figure 5H).

TABLE 2    |    Signal/noise (S/N) ratios, deltas (D), and means (M) values for parameter levels for PEKK and Si3N4-PEKK ultimate tensile strength 
(UTS) and elastic modulus (E).

Parameter

PEKK Si3N4-PEKK

Level 1 Level 2 Level 3 Delta Level 1 Level 2 Level 3 Delta

UTS

Nozzle temperature

S/N ratios 37.38 37.46 37.95 0.57 34.54 34.93 34.27 0.67

Means 74.40 75.33 79.86 54.25 57.00 55.50

Bed temperature

S/N ratios 37.48 37.67 37.64 0.19 34.63 34.15 34.97 0.82

Means 75.32 76.98 77.28 54.36 54.41 57.98

Chamber temperature

S/N ratios 37.24 37.86 37.68 0.62 33.63 35.28 34.83 1.66

Means 73.27 78.94 77.37 50.71 59.61 56.44

Layer height

S/N ratios 38.51 37.79 36.48 2.03 36.82 34.89 32.04 4.78

Means 84.54 77.96 67.08 69.67 55.89 41.19

E

Nozzle temperature

S/N ratios 9.21 9.15 9.06 0.14 11.57 11.56 11.40 0.17

Means 2.89 2.88 2.86 3.82 3.81 3.78

Bed temperature

S/N ratios 9.19 9.19 9.04 0.15 11.61 11.36 11.56 0.25

Means 2.89 2.89 2.85 3.83 3.76 3.82

Chamber temperature

S/N ratios 9.11 9.98 9.33 0.35 11.20 11.68 11.66 0.47

Means 2.86 2.83 2.94 3.69 3.86 3.86

Layer height

S/N ratios 9.37 9.45 8.60 0.85 12.59 11.83 10.11 2.48

Means 2.96 2.97 2.70 4.27 3.91 3.22
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4   |   Discussion

In this study, we analyzed the association of various printing 
parameters with the FFF of PEKK and Si3N4-PEKK specimens 
printed in the vertical direction to determine their mechanical 
feasibility for medical applications. PEKK specimens printed 
with statistically significant parameters achieved the datasheet 
value for tensile strength of injection-molded PEKK. The ad-
dition of Si3N4-PEKK reduced the strength of the specimens 
to 84% of the datasheet value. Highest strength was achieved 
across the selected parameters for both PEKK and Si3N4-PEKK 
with a layer height of 0.1 mm, a chamber temperature of 130°C, 
and a nozzle temperature of 400°C. The optimal bed tempera-
ture was 150°C for PEKK and 170°C for Si3N4-PEKK. The most 
influential printing parameter for both materials was the layer 
height which enforced fewer voids and gaps between print lines 
for both materials, followed by chamber temperature, then noz-
zle temperature in PEKK and bed temperature in Si3N4-PEKK. 
Crystallinity was not significantly affected by layer height, noz-
zle temperature, and chamber temperature for each material; 
however, the addition of Si3N4 resulted in a slight increase com-
pared to PEKK.

There were several limitations to this study. First, this study 
focused solely on tensile testing, as it evaluates the weakest 
orientation, layer-to-layer adhesion that is critical for implant 
performance. However, future studies are needed to investigate 
the effects of printing parameters on PEKK and Si3N4-PEKK 
under compression, shear, and torsion, depending on the spe-
cific implant and its loading conditions in the body. Another 
limitation of this study is the need to have the Si3N4-PEKK fil-
ament manufactured by an external extrusion specialist, which 
resulted in some variability in filament consistency compared 
to the PEKK filament. To mitigate this, we conducted regular 
measurements of the filament diameter throughout the spool, 
ensuring that sections with diameter discrepancies outside the 
acceptable range were removed to maintain consistency during 
printing. The infeasibility of testing all the potential parameter 
combinations due to the large number of variables in 3D print-
ing, each of which affects print quality and mechanical proper-
ties, is a further limitation. To address this, we focused on the 
most important and influential parameters identified in the lit-
erature [28, 29, 31]. To maintain a broad selection of parameters 
while keeping the number of tests manageable, we employed 
the Taguchi method for optimization. Additionally, control of 

FIGURE 3    |    Signal/noise (S/N) ratio plots for ultimate tensile strength (UTS) and for elastic modulus (E) showed that for PEKK (A and C) and 
Si3N4-PEKK (B and D) layer height was the most influential parameter as it had the highest ranking (R = 1), followed by chamber temperature. Bed 
temperature and nozzle temperature were the third and fourth ranked influential parameters for both materials’ E and Si3N4-PEKK UTS, while 
PEKK UTS showed the opposite. PEKK (A) exhibited the highest strength in layer heights of 0.1 mm, chamber temperatures of 130°C, and nozzle 
temperatures of 400°. Si3N4-PEKK (B) showed that the highest strength was obtained in layer heights of 0.1 mm, chamber temperatures of 130°C, and 
bed temperatures of 170°C. PEKK (C) displayed the highest modulus at layer heights of 0.2 mm, while Si3N4-PEKK (D) showed the highest modulus 
in layer heights of 0.1 mm and chamber temperatures of 130°C.

 15524981, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

b.70009 by D
rexel U

niversity, W
iley O

nline L
ibrary on [17/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



8 of 14 Journal of Biomedical Materials Research Part B: Applied Biomaterials, 2025

temperature, especially chamber temperature, is extremely im-
portant for crystallization and interlayer adhesion, which means 
that other parameters that increase time in the heated chamber 
could have a confounding effect on optimizing temperatures. 
However, we observed low crystallization after printing, even 
for longer prints, indicating that our chamber temperatures 
were too low for increased time in the print chamber to increase 
crystallinity. This indicated that parts can be removed from the 
printer directly following manufacture without having to spend 
additional time crystallizing, which decreases the manufactur-
ing time of printed parts. Finally, while DSC is thought to esti-
mate crystallinity at a higher value compared to other methods 
in PEEK, a similar polymer to PEKK, due to recrystallization 
during the heating process in the DSC scan [43], this method 
remains widely accepted for measuring crystallinity [29, 31, 32]. 
Furthermore, since all samples were analyzed using the same 
method, any overestimation is likely consistent across speci-
mens, allowing for a valid comparison of the two materials and 
with other studies. It is also important to note that further work 

could be done to increase the crystallinity of both PEKK and 
Si3N4-PEKK by annealing the specimens, as found by Quiroga-
Cortés and El Magri [31, 41].

The printing parameters analyzed in this study had a sig-
nificant effect on the tensile strength and elastic modulus 
in both PEKK and Si3N4-PEKK. Layer height, followed by 
chamber temperature, was the most influential parameter 
for mechanical variables for both materials. Printing param-
eters had less effect on E than they did on the UTS. The high-
est UTS (91 MPa) and E (2.9 GPa) were achieved with a layer 
height of 0.1, a chamber temperature of 130°C and a nozzle 
temperature of 400°C for PEKK, while for Si3N4-PEKK, the 
same layer height and chamber temperature with a bed tem-
perature of 170°C resulted in the highest tensile strength of 
76 MPa and an elastic modulus of 4.3 GPa. Si3N4-PEKK spec-
imens with a ceramic weight percentage of around 30%, were 
significantly weaker while being stiffer than the neat PEKK 
specimens, though they did reach 84% of the datasheet value 
strength of injection molded PEKK. The increase in modulus 
is well described in literature as many PAEK–ceramic com-
posite studies have noted that the addition of ceramic particles 
stiffens the polymer matrix [35, 36, 38]. Several studies found 
initial increases in mechanical strength of PAEK composites 
with the initial addition of a ceramic additive that then led 
to a decrease in strength above certain ceramic loading lev-
els [35, 38]. Similar to our results, Petrovic et al. [38] looked 
at ceramic weight percentages of 0%, 5%, 10%, 20%, and 40% 
and found a significant decrease in tensile strength with 40% 
weight in PEEK composites with β-tricalcium phosphate 
whereas an increase in strength was observed at levels up to 
20 wt.%. Additionally, Gan et al. [35] noticed a drop-off in ten-
sile strength at ceramic concentrations above 30% for a Mica-
PEKK composite; however, it was still stronger than native 
PEKK. On the other hand, Manzoor et al. [36] showed that a 
lower ceramic (hydroxyapatite (HA)) weight percentage of 10% 
reduced the tensile strength of PEEK, which they attributed 
to poor interfacial bonding between the materials. Therefore, 
the decrease in mechanical strength in Si3N4-PEKK, could be 
caused by reduced bonding of the materials with the loading 
level of the ceramic. Careful consideration is required when 
incorporating ceramics, as the goal is to enhance antibacterial 
and osseointegrative properties while maintaining mechani-
cal integrity. There exists a critical balance, and it is essential 

FIGURE 4    |    Representative first heating trace from DSC for PEKK 
and Si3N4-PEKK with the highest strength (Condition 9: nozzle tem-
perature 400°C/420°C, bed temperature 170°C, chamber temperature 
130°C, layer height 0.1 mm) and lowest strength (Condition 3: nozzle 
temperature 340/380°C, bed temperature 170°C, chamber temperature 
150°C, layer height 0.3 mm). Heat traces were vertically shifted for bet-
ter visual representation. The addition of silicon nitride lowered both 
the cold crystallization temperature and melting temperatures.

TABLE 3    |    Mean values ± standard deviation for cold crystallization temperature (Tcc), melting temperature (Tm), enthalpy (∆H), and percent 
crystallinity (Xc) obtained from DSC for the PEKK and Si3N4-PEKK specimens with the highest (Condition 9: nozzle temperature 400°C/420°C, 
bed temperature 170°C, chamber temperature 130°C, layer height 0.1 mm) and the lowest ultimate strength (Condition 3: nozzle temperature 
340°C/380°C, bed temperature 170°C, chamber temperature 150°C, layer height 0.3 mm).

Conditions Tcc (°C) Tm (°C) ∆H (J/g) Xc (%)

Highest strength

PEKK 263 ± 0 312 ± 1 1.54 ± 0.10 1.18 ± 0.08

Si3N4-PEKK 253 ± 2 303 ± 1 3.55 ± 0.43 3.90 ± 0.48

Lowest strength

PEKK 262 ± 2 313 ± 3 1.35 ± 0.31 1.04 ± 0.24

Si3N4-PEKK 252 ± 3 302 ± 0 2.99 ± 0.17 3.28 ± 0.18
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to determine the extent to which mechanical strength can be 
compromised to achieve these benefits.

It was noted that the strongest parts and stiffest parts in both 
PEKK and Si3N4-PEKK had the lowest layer heights and the mid-
range chamber temperature, with layer height having a greater 
effect. Similarly, Xu et al. [28] and Maloney et al. [29] observed 
a similar impact of layer height when testing the effect of FFF 
printing parameters on the flexural properties of PEKK, finding 
optimum layer heights of 0.1 mm. Additionally, Magri et al. [31] 
found an optimum layer height of 0.15 mm for flat printed PEKK 

tensile specimens. It is thought that this could be due to layer 
height affecting either the crystallinity of the part or the bonding 
area of the layers. On the other hand, little work has been done 
on the effect of chamber temperatures on 3D printed PAEKs. 
Yang et  al. found that chamber temperatures while printing 
PEEK above its Tg increased crystallinity and tensile strength. 
However, with a 60/40 T/I ratio of PEKK, printing was not fea-
sible due to material softening above the Tg. Additionally, since 
the crystallization kinetics of PEKK are different from PEEK, 
mechanical strength and interlayer bonding are not improved by 
the highest temperatures.

FIGURE 5    |    PEKK fracture surfaces of print lines for parts with a layer height of 0.1 mm (A) showed no distinguishable print lines (red arrows) 
or gaps (blue arrows) between print lines, while 0.2 mm (B), and 0.3 mm (C) layer heights showed gaps that indicated less surface available for inter-
layer adhesion. Si3N4-PEKK fracture surfaces for parts with a layer height of 0.1 mm (D), 0.2 mm (E), and 0.3 mm (F) showed increased presence of 
features that appeared as voids (red arrows) with increased layer height. Scanning electron microscopy images showed smooth voids (arrow) were on 
the fracture surfaces of Si3N4-PEKK with layer heights of 0.3 mm (G), but no voids were observed for the specimens with layer heights of 0.1 mm (H).
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In this study low crystallinities, between 1.0% and 3.9%, were ob-
served for high strength (Condition 9) and low strength (Condition 
3) PEKK and Si3N4-PEKK specimens and both materials and con-
ditions contained cold crystallization peaks around 260°C and 
250°C, respectively. The presence of these cold crystallization 
peaks indicates that the printer conditions caused fast cooling 
rates that did not allow the time and energy for full chain rear-
rangement and crystallization, as similarly found in other PEKK 
printing studies, though the values were cooler between 210°C 
and 245°C [31, 32]. Similarly, Quiroga-Cortés et al. observed cold 
crystallization in cooling rates of 5°C or greater, with faster cool-
ing rates and lower T/I ratios being associated with increased cold 
crystallization temperature. Additionally, it was noted that the 
cold crystallization peaks were not affected by high or low strength 
conditions but were affected by the inclusion of Si3N4-PEKK, with 
the Si3N4 reducing the temperature at which the peaks occurred. 
A similar 10°C shift was noted between PEKK and Si3N4-PEKK 
melting temperatures. The melt temperatures for the PEKK spec-
imens were in the range that would be expected for PEKK with a 
60/40 T/I ratio [32, 41]. The crystallinity also differed between ma-
terials, with PEKK only being slightly more than 1% crystalline, 
while Si3N4-PEKK with 15 vol.% (30 wt.%) silicon nitride had crys-
tallinity between 3.3% and 3.9%. However, this increase in crys-
tallinity in Si3N4-PEKK did not correlate to higher strength as it 
only reached 84% of the strength of neat PEKK. A study by Alamin 
et al. on zirconia-PEKK composites found that the addition of ce-
ramic lowered the melting temperatures by between 2°C and 4°C, 
but they observed a decrease instead of an increase in crystallinity 
with increasing ceramic content. However, this study underwent 
a slow heating and cooling process significantly increasing the 
crystallinity of the neat PEKK when compared with our results, 
and consequently, their addition of ceramic impacted the ability 
of the matrix content to crystallize with the increasing grain size 
of the zirconia particles. In our case, without the right thermal 
conditions to encourage crystallinity in the neat PEKK, we saw 
increased crystallinity in the Si3N4-PEKK. This aligns with Javaid 
et al.'s observation of a decrease in melting temperature of a few 
degrees and an increase in crystallinity from 29.8% to 36.8% for 
20% ceramic PEEK-Xonotlite. They additionally observed a de-
crease in strength from 127 MPa to 57 MPa for the composites. It 
was thought that this was due to the conflicting influence ceramic 
particles have on a polymer matrix as they create a nucleation site 
for crystals but also impede the mobility of the polymers and in-
crease brittleness. While the ceramic addition of Si3N4 was associ-
ated with a slight increase in crystallinity, it was counteracted by 
an increase in brittleness of the specimens. For both materials, it 
was observed that the crystallinity for the stronger condition with 
a 0.1 mm layer height was slightly higher than the weaker condi-
tion with a 0.3 mm layer height but not significantly different. Xu 
et al. [28] suggested that lower layer heights created a compres-
sive load on deposited filament affecting the crystallization of the 
parts, though they did not test for this. El Magri et al. [31] found a 
more noticeable increase in crystallinity from 6.8% to 8.7% with de-
creasing layer heights from 0.2 to 0.1 mm. However, they reported 
higher tensile strength of 84 MPa, compared with 70 and 79 MPa, 
in their flat printed parts with a 0.15 mm layer height, compared 
to 0.2 and 0.1 mm, which they suggested might have also been 
influenced by the interlayer adhesion of these parts. Therefore, it 
was concluded that while crystallinity might play a small role in 
the strength of the parts, interlayer adhesion was likely to play a 
larger role.

For PEKK, the lowest layer heights did not express the same level 
of voids and gaps between print lines as seen in those with greater 
layer heights. Xu et al. [28], in their study on the effect of printing 
parameters on PEKK, suggested that lower layer heights create a 
compressing load on deposited filament thereby creating a larger 
bonded surface area with fewer voids. Rashed et al. [32] also found 
that porosity and layer adhesion seemed to play a greater role in 
the tensile strength of FFF PEKK than crystallinity, which was not 
significantly higher in their stronger parts. In a follow-up study, 
they linked the most influential variable in compressive strength 
to porosity in the finished FFF PEKK parts [30]. Xu et  al. and 
Maloney et al. [28, 29] observed similar behaviors of less porosity 
with lower layer heights. In this study, Si3N4-PEKK showed an in-
teresting phenomenon where small features were noticed within 
the print lines for higher layer heights. These features in the Si3N4-
PEKK were observed to have a smooth surface, indicating that 
they were caused by voids and not material transfer. Javaid et al. 
similarly found an irregular fracture surface in a PEEK-ceramic 
composite. In a recent study, Rashed et al. attempted to make a ce-
ramic boron-carbide-PEKK filament and found 30–100 μm pores 
in the produced filament. They attributed the pores to entrapped 
pores during extrusion or created pores due to thermal gradients 
and residual stresses the material underwent while cooling. It is 
hypothesized that the FFF printing process for Si3N4-PEKK intro-
duced micro voids, which may have been compacted or expelled 
when printed at lower printing heights.

In this study, printing parameters have been optimized for layer 
adhesion of PEKK and Si3N4-PEKK through tensile testing of ver-
tically printed components. It is important in the future to exam-
ine the mechanical properties of the materials under other loading 
scenarios as might be experienced in 3D printed implants, such as 
compression, torsion, and shear. Additionally, as PEKK and Si3N4-
PEKK have been shown to be largely amorphous via DSC results, 
annealing the parts post-printing could increase crystallinity and 
improve mechanical properties. Therefore, it would be advisable 
to explore the effect of annealing on both PEKK and Si3N4-PEKK.

5   |   Conclusions

Layer height was the most influential printing parameter for 
both PEKK and Si3N4-PEKK UTS, followed by chamber tem-
perature. Layer heights of 0.1 mm and chamber temperatures 
of 130°C resulted in improved strength for both materials. 
3D-printed PEKK specimens, even when printed in the weak-
est orientation, were found to retain the strength of injection-
molded PEKK parts if printed with the appropriate processing 
parameters [42]. With the addition of 15 vol.% Si3N4, the printed 
specimens still achieved 84% of the strength of injection-molded 
PEKK, demonstrating the potential of Si3N4-PEKK for load-
bearing applications.
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Appendix A

Additional Data From PEKK and Si3N4-PEKK Mechanical Testing

FIGURE A1    |    Stress–strain curves for PEKK tensile specimens.

FIGURE A2    |    Stress–strain curves for Si3N4-PEKK tensile specimens.

 15524981, 2025, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jbm

b.70009 by D
rexel U

niversity, W
iley O

nline L
ibrary on [17/12/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



14 of 14 Journal of Biomedical Materials Research Part B: Applied Biomaterials, 2025

TABLE A1    |    Ultimate tensile strength, yield strength, elastic modulus, and strain at break for PEKK and Si3N4-PEKK specimens. Yield strength 
followed a similar trend to UTS with Si3N4-PEKK values lower than PEKK and Condition 9 as the strongest for both materials. The Si3N4-PEKK 
material was observed as stiffer than PEKK with a lower strain at break for all conditions.

Condition

Ultimate tensile strength 
(MPa) Yield strength (MPa) Elastic modulus (GPa) Strain at break (mm/mm)

PEKK Si3N4-PEKK PEKK Si3N4-PEKK PEKK Si3N4-PEKK PEKK Si3N4-PEKK

1 77.9 ± 2.6 62.2 ± 1.8 53.0 ± 0.7 56.1 ± 1.1 3.0 ± 0.1 4.2 ± 0.2 0.042 ± 0.004 0.018 ± 0.001

2 78.7 ± 2.1 57.4 ± 4.1 53.2 ± 1.2 50.1 ± 1.4 3.0 ± 0.0 3.9 ± 0.1 0.047 ± 0.001 0.019 ± 0.002

3 66.5 ± 5.6 43.1 ± 3.0 46.6 ± 3.1 39.9 ± 1.9 2.7 ± 0.1 3.3 ± 0.2 0.035 ± 0.002 0.016 ± 0.002

4 67.1 ± 3.4 45.4 ± 1.3 46.4 ± 2.4 40.2 ± 1.3 2.7 ± 0.1 3.3 ± 0.1 0.042 ± 0.003 0.018 ± 0.000

5 84.6 ± 3.0 70.8 ± 1.2 57.2 ± 2.4 61.4 ± 1.2 3.0 ± 0.1 4.3 ± 0.1 0.045 ± 0.003 0.021 ± 0.001

6 74.3 ± 6.1 54.8 ± 5.7 50.0 ± 2.5 47.1 ± 3.4 2.9 ± 0.1 3.8 ± 0.2 0.041 ± 0.002 0.019 ± 0.001

7 80.9 ± 5.5 55.4 ± 1.2 55.9 ± 4.0 52.0 ± 1.7 3.0 ± 0.1 4.0 ± 0.1 0.040 ± 0.004 0.017 ± 0.000

8 67.6 ± 4.2 35.1 ± 7.7 47.6 ± 3.2 37.1 ± 0.1 2.9 ± 0.3 3.0 ± 0.3 0.040 ± 0.003 0.014 ± 0.004

9 91.0 ± 2.3 76.0 ± 3.1 66.5 ± 5.1 62.2 ± 1.8 2.9 ± 0.3 4.3 ± 0.1 0.045 ± 0.003 0.024 ± 0.001
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