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Abstract: To address the insufficient interlayer mechanical properties of glass fiber-reinforced polyetheretherketone 
（GF/PEEK） composites fabricated by fused deposition modeling （FDM）， resulting from the impracticality of post-
process heat treatment for large-scale components and structural circuit-integrated components， an in situ thermal 
radiation-assisted strengthening method was proposed to enhance the interlayer mechanical properties along the build 
direction. The mechanical properties and interlayer strengthening mechanism of GF/PEEK composites under different 
thermal treatment strategies were systematically investigated by regulating the chamber temperature and in situ 
thermal radiation power， combined with tensile tests， interlayer tensile tests， and fracture surface morphology 
analysis. The results showed that increasing the chamber temperature improved the tensile properties in the horizontal 
direction. At a chamber temperature of 200 ℃ ， the tensile strength and Young’s modulus reached 62.72 MPa and 
3.45 GPa， respectively. However， the interlayer tensile strength decreased from 20.61 MPa to 6.03 MPa， while the 
interlayer Young’s modulus increased from 1.90 GPa to 2.24 GPa. By contrast， in situ thermal radiation significantly 
enhanced the interlayer mechanical properties of specimens fabricated along the build direction. At a thermal radiation 
power of 255 W， the vertical tensile strength and fracture elongation increased to 2.34 and 7.91 times those of 
conventional FDM specimens， respectively， achieving mechanical properties comparable to those of post-process 
heat-treated specimens. Fracture surface analysis further revealed that in situ thermal radiation promoted interlayer 
polymer chain diffusion and molecular entanglement while reducing interfacial defects， thereby substantially 
improving the interlayer bonding performance. The proposed method effectively enhances the interlayer mechanical 
properties of FDM-fabricated GF/PEEK composites without requiring an additional post-process heat treatment， 
providing an effective processing strategy for the additive manufacturing of high-performance thermoplastic composite 
structures.
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0 Introduction 

Fused deposition modeling（FDM） or fused fil‑
ament fabrication（FFF） is a low-cost， high-efficien‑
cy， and versatile additive manufacturing process 
that constructs three-dimensional solids by heating 
and melting thermoplastic filaments， which are then 
extruded from a nozzle in layers［1-3］. Polyetherether‑ 
ketone（PEEK） is a high-performance， semi-crystal‑

line thermoplastic material known for its high 
strength， temperature resistance， and chemical re‑
sistance. Incorporating short glass fibers， short car‑
bon fibers， and other reinforcing phases into the ma‑
trix to create composite materials can enhance 
strength， stiffness， and dimensional stability［4］. 
These features position PEEK composite as a prom ‑
ising candidate for aerospace applications［5-7］. For in‑
stance， in micro-nano-satellites and aircraft skins， 
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using PEEK-based composite materials as a struc‑
tural substrate to manufacture conformal antennas 
or directly through multi-material composite mould‑
ing to achieve integrated manufacturing［8］ of aircraft 
structural circuits will help to further realise the in‑
telligentisation and miniaturization of equipment.

However， one of the main problems faced by 
the FDM process for moulding PEEK-based com‑
posites is the poor mechanical properties， especially 
the anisotropy of the mechanical properties of the 
moulded parts， i. e.， the strength of the moulded 
parts in the horizontal moulding plane （X‑Y plane） 
is significantly higher than that in the vertical direc‑
tion （Z-direction） ［9-11］， and the lack of such Z-axis 
mechanical properties is mainly due to the low adhe‑
sion strength of the layers， which leads to the low 
strength and stiffness of the parts when they are sub‑
jected to the stress， which makes the parts suscepti‑
ble to interlayer separation or cracking when subject‑
ed to Z-direction loading， as evidenced by many 
studies on the mechanical properties of PEEK and 
its composites. The current study shows that the fac‑
tors that influence interlayer bonding are mainly two 
aspects： The thermal history of the moulded part 
and the internal pore defects of the moulded part. 
During the printing process of the moulded part， the 
cooling rate at the interfacial locations of the differ‑
ent deposited layers， the temperature gradient， and 
the time the material stays above the glass transition 
temperature （Tg） and melting point （Tm） have an ef‑
fect on the diffusion， entanglement and crystallisa‑
tion of the polymer chains， which is ultimately re‑
flected as a change in the interlayer bonding proper‑
ties［12-13］. The PEEK composite， as a semi-crystal‑
line polymer， has crystallised regions in the interlay‑
ers that can hinder the molecular chain diffusion and 
movement， and the interlayer bonding situation is 
thus worsened. In addition， the high extrusion tem ‑
perature， high melt viscosity， and poor fluidity of 
PEEK composites can lead to incomplete fusion of 
the interlayer， resulting in pore defects［14］， which 
not only reduce the interlayer bonding area but also 
produce stress concentration. This also weakens the 
interlayer bonding properties［15］.

The process parameters of molding directly af‑

fect the thermal history and internal morphology of 
the molded parts. Therefore， regulating the process 
parameters to enhance the interlayer bonding of 
PEEK components and reduce anisotropy is a prima‑
ry research direction［16］. The extrusion temperature 
directly influences the material’s temperature as it 
exits the nozzle. The higher the temperature， the 
stronger the polymer molecular activity， which can 
promote interlayer diffusion behavior and help im ‑
prove interlayer bonding strength［17-18］. Curmi et al.［19］ 
studied the interlayer shear strength （ISS） of PEEK 
materials at different extrusion temperatures. The 
experimental results showed that as the extrusion 
temperature increased from 380 ℃ to 400 ℃ and 
then to 420 ℃ ， the interlayer shear strength also 
gradually increased， reaching a maximum value of 
17.70 MPa at 420 ℃. Zhou et al.［20］ also proved that 
increasing the extrusion temperature could elevate 
the storage modulus and shear strength of the 
PEEK molded parts. However， the extrusion tem ‑
perature can only be increased within a certain range 
due to the material’s thermal degradation tempera‑
ture； otherwise， it may lead to the deterioration of 
polymer performance. Abbas et al. ［21］ conducted 
compression tests on PEEK samples formed with 
different layer height parameters and found that re‑
ducing the layer height could decrease internal pores 
and enhance interlayer bonding， improving the com ‑
pressive performance in the Z‑direction. A higher 
thermal bed temperature or forming chamber tem ‑
perature can slow down the cooling rate of the de‑
posited layer， thereby prolonging the time required 
for interlayer molecular diffusion and also helping to 
reduce residual stress and improve interlayer bond‑
ing［20-22］. Yang et al.［23］ investigated the effects of 
nozzle temperature， printing speed， and layer thick‑
ness on the bending performance of carbon fiber/
PEEK（CF/PEEK） material under conditions with‑
out chamber and substrate heating. They found that 
layer thickness was the main factor affecting the per‑
formance， and the maximum bending strength ob‑
tained at a layer thickness of 0.2 mm was 50.85 MPa.

Post-heat treatment is considered an effective 
method to improve the mechanical properties of 
FDM molded parts［24-25］. The method is that after 
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the sample is formed， it is heated above the glass 
transition temperature （Tg）， but not higher than the 
melting point temperature（Tm）. At this time， the 
molecular chains inside the material gain the ability 
to migrate and diffuse at the interlayer boundary， 
and the material further crystallizes， forming a more 
ordered and more stable microstructure［26］， releas‑
ing the internal stress generated during the molding 
process［27］. All of these are considered to be benefi‑
cial for the improvement of interlayer bonding per‑
formance. Yang et al.［28］ controlled the crystallinity 
of CF/PEEK composites by regulating the ambient 
temperature of 3D printing and the subsequent heat 
treatment process， effectively enhancing the tensile 
strength and flexural strength. Wang et al.［29］ also 
discovered a similar phenomenon. Wang et al.［30］ 
achieved an improvement in the interlaminar bond‑
ing performance of fiber-reinforced PEEK compos‑
ites by exploring thermal treatment methods. After 
continuous holding at 250 ℃ for 6 h， the interlami‑
nar shear strength （ILSS） increased by 16%， ap‑
proximately 25 MPa for CF/PEEK materials and 
approximately 24 MPa for GF/PEEK materials.

Adding energy input to the bonding position 
through an auxiliary heat source during the molding 
process has also been verified as an effective meth‑
od. Yao et al.［31］ proposed a layer-by-layer laser-as‑
sisted FDM printing process. By pre-treating the 
surface of the printing layer with a laser， the tensile 
strength of the PEEK and CF/PEEK horizontal 
printing components was increased by 20%， and 
the interlayer bonding morphology was proven to 
have changed through microscopic morphology. Luo 
et al.［32］ used a laser beam to heat the deposition po‑
sition， which increased the surface temperature of 
the sample during the extrusion molding of PEEK， 
strengthened the bonding degree between filaments 
and layers， effectively enhanced the shear strength 
of the sample， and achieved control over the crystal‑
linity of the formed sample. The shear strength of 
the PEEK sample printed by this method increased 
by 45%， rising from 12.4 MPa to 17.6 MPa.

The current literature for FDM forming discon‑
tinuous fibre-reinforced PEEK composites is mainly 
focused on the mechanical properties of the molded 

samples in the horizontal direction of the enhance‑
ment effect， and the study of the mechanical proper‑
ties of the interlayer is relatively small. While previ‑
ous studies on processing temperature have predomi‑
nantly focused on extrusion temperature and sub‑
strate temperature， the influence of chamber temper‑
ature （particularly at levels above the glass transi‑
tion temperature Tg） on mechanical properties has 
received less attention. Therefore， further targeted 
investigation is necessary. Discontinuous fibers have 
a higher degree of freedom of molding， lighter quali‑
ty， and lower raw material and manufacturing costs. 
However， the melt viscosity of the fiber composite 
material is further increased， the migration ability of 
the molecular chain of the high-viscosity melt in the 
FDM molding process will be reduced， and the ma‑
terial at the interface of the interlayer bonding inter‑
face is difficult to diffuse adequately even if it 
achieves the physical contact. For the integrated 
manufacturing scenario of structural circuits， the 
size of the formed samples is relatively large， and 
there are more types of forming processes. As a re‑
sult， the forming equipment may not be able to set 
up a constant-temperature closed chamber. In addi‑
tion， the heat resistance of electronic components 
embedded and encapsulated inside the structure dur‑
ing the manufacturing process is limited. They can‑
not withstand the high-temperature environment 
baking for several hours in the post-processing stage 
（above 200 ℃）， which will lead to component dam ‑
age and product failure. Therefore， it is worth con‑
ducting corresponding research on how to effective‑
ly improve the interlayer bonding performance of 
PEEK-based composites online. This paper focuses 
on discussing the performance enhancement meth‑
ods of PEEK-based composites from the perspec‑
tive of molding processes to improve the interlayer 
bonding performance of the load-bearing structure of 
the formed parts of structural circuit integrated man‑
ufacturing products. Firstly， the relationship be‑
tween chamber temperature and horizontal tensile 
strength， interlayer tensile strength， and fracture 
type was investigated. Meanwhile， a low-cost and 
effective interlayer bonding performance improve‑
ment device suitable for the transformation of exist‑
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ing printers is proposed. By installing an auxiliary 
thermal radiation device on the FDM printer in its 
original position during the forming process， the in‑
terlayer bonding situation can be improved without 
the need for additional post-processing time. This 
can enhance manufacturing efficiency， where the 
heat source of the heat radiation can be absorbed by 
the deposited filaments， and the localised high-tem‑
perature environment created reelevates the temper‑
ature of the deposited filaments above Tg and pro‑
motes the further diffusion of the polymer chain 
through the interfaces of the filaments and the entan‑
glement. At the same time， a slow-down uniform 
temperature is provided to the periphery to avoid 
warpage. To analyze the effect of this process， the 
influence of different output powers was studied， 
achieving an improvement in the interlayer bonding 
performance. This is conducive to further promoting 
the non-metallic substitution of aircraft metal struc‑
tures and realizing the manufacturing and application 
of lightweight parts.

1 Material and Methods 

1. 1 Forming material and equipment　

To intuitively study the effect of heat on im ‑
proving interlayer bonding performance， the materi‑
al used in this study was an GF/PEEK composite 
material （PEEK K10GF， Natural， Kexcelled， Chi‑
na） containing 10% by mass of chopped glass fi‑
bers， with a filament diameter of 1.75 mm， and the 
filaments were dried according to 110 ℃ for 6 h be‑
fore moulding to avoid any possible moisture within 
the filaments from affecting the test results.

In this study， the used moulding equipment 
was a FUNMAT RPO 610HT （INTAMSYS， Chi‑
na） high-temperature printer. The maximum mould‑
ing size of this equipment is 600 mm × 580 mm × 
580 mm， and the equipment is equipped with dual 
extruders with a maximum nozzle temperature of 
500 ℃ . The equipment has a fully enclosed mould‑
ing chamber with a maximum heating temperature 
of 300 ℃.

The developed thermal radiation device is 
shown in Fig.1. The device consists of a module 

and an insulation and connection module， and is in‑
stalled and fixed on the extrusion module of the 
printer. The radiation heat source is generated by a 
mid-wave infrared heating tube. Mid-wave infrared 
radiation can cover the main absorption peaks of 
PEEK’s carbonyl groups， ether bonds， and aromat‑
ic rings， enhancing energy absorption efficiency and 
enabling rapid heating of the thin layers of material 
deposited by FDM extrusion. The heating tube is in‑
ternally gold-plated to achieve focusing， providing a 
uniform high-temperature environment for the cur‑
rent extruded material and its surroundings， thereby 
extending the time the extruded filament remains at 
its glass transition temperature. The power can be 
adjusted via an electronic controller to modify the in‑
tensity of thermal radiation energy. The insulation 
and connection modules minimize the thermal im ‑
pact of the radiation heat source on non-processing 
areas， such as the throat， air ducts， and extrusion 
motor. This effectively prevents thermal disturbanc‑
es to the throat cooling zone and nozzle heating sen‑
sor， ensuring smooth and balanced extrusion of the 
molten material from the nozzle.

1. 2 Forming parameters and methods　

All tensile specimens were prepared with iden‑
tical geometry and dimensions to ensure the consis‑
tency and repeatability of the tensile tests. The spec‑
imens were modeled in STereoLithography format， 
and the slicing software employed was Intamsuit 

Fig.1　In situ thermal radiation device
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4.3.0. To enhance the bonding performance of the 
first layer between the formed specimens and the 
forming substrate， a Raft auxiliary raft plate was in‑
corporated at the bottom of each tensile specimen. 
Once the forming process was complete， the Raft 
auxiliary raft plate was detached from the tensile 
test specimens. The parameters shown in Table 1 
were used for printing the sample parts. To meet 
the considerations regarding forming efficiency in ac‑
tual production， the printing speed was set to 
120 mm/s， which also aligns with the recommend‑
ed forming speed for GF/PEEK material as speci‑
fied by the equipment manufacturer. The upper limit 
for chamber temperature is 200 ℃ ， and exceeding 
this temperature causes the deposited material to col‑
lapse due to insufficient cooling and solidification， 
preventing the successful preparation of the sample 
parts. The remaining experimental parameters were 
determined based on the optimal forming parameter 
combinations obtained from previous research.

In the study of interlayer bonding performance 
enhancement， interlayer tensile tests were conduct‑
ed to evaluate the normal interlayer bonding 
strength of the molded parts， thereby reflecting the 
differences in interfacial microdefects and molecular 
diffusion/entanglement under different molding con‑
ditions. For this comparative validation study， a to‑
tal of four groups of vertically molded samples were 
prepared. To eliminate the influence of other pro‑
cessing variables and facilitate a direct evaluation of 
the interlayer bonding performance， chamber heat‑
ing was disabled throughout the molding process. 
The first group received no additional heat treat‑
ment during or after molding and served as the con‑
ventional FDM control group. The second group un‑

derwent post-process annealing at 250 ℃ with a 
heating/cooling rate of 10 ℃/h. The third and fourth 
groups were subjected to in situ thermal radiation 
during the molding process while chamber heating 
remained disabled， with heating powers of 255 W 
and 310 W， respectively. Based on preliminary ex‑
periments， these two heating powers were selected 
because heating powers below 255 W did not pro‑
duce a noticeable enhancement in interlayer bond‑
ing， whereas powers above 310 W adversely affect‑
ed normal sample formation.

Tensile tests were performed using standard 
Type 1BA specimens for molded plastics. As 
shown in Fig.2， the specimen preparation process is 
as follows： Form a tubular specimen with a triangu‑
lar cross-section having a side length of 100 mm， a 
height of 100 mm， and a wall thickness of 3 mm. 
After forming， cut the specimen along the three ver‑
tices of the triangle into three flat plates. Process the 
flat plates using high-pressure water jet cutting to 
obtain the tensile specimens required for the experi‑
ment. The edges of the cut specimens are then 
ground and deburred using 800# waterproof sandpa‑
per.

1. 3 Characterization and testing methods　

In this study， a dynamic fatigue testing ma‑
chine was employed to conduct mechanical property 
tests on the fabricated specimens. The testing appa‑
ratus was the LFV 100-HH （W+B Corp， Switzer‑
land）. The displacement rate during the test was set 
at 2 mm/min. For each parameter under investiga‑
tion， five specimens were subjected to testing. The 
tests were carried out under an ambient temperature 
of 20 ℃ . Subsequently， a scanning electron micro‑
scope （SEM） was utilized to observe the fracture 

Fig.2　Preparation process of tensile specimens

Table 1　Tensile sample forming parameters

Parameter
Nozzle diameter/ mm

Extrusion temperature/℃
Layer height/mm

Printing speed (Wall)/(mm⋅s-1)
Printing speed (Infill)/(mm·s-1)

Chamber temperature/℃
Orientation

Value
0.4
420
0.2
60

120
80/110/140/170/200
Horizontal/Vertical
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surface morphology of the specimens after the ten‑
sile tests. The SEM model used was Gemini SEM 
300 （ZEISS， Germany）. Before the SEM analysis， 
the specimens were sputter-coated with gold. The 
accelerating voltage for the SEM examination was 
15 kV. Furthermore， μ -CT was utilized to measure 
the internal porosity of the specimens. The equip‑
ment model was FF35 （YXLON， Germany）， with 
a minimum defect size resolution of 2 μm. The test 
parameters were as follows： Voltage 150 kV， cur‑
rent 50 μA， detector pixel size 150 μm， reconstruc‑
tion ISO volume pixel side length 39.9 μm， and 
1 200 projection images. The pore analysis module 
of VG Studio MAX 35 software was used to ana‑
lyze the 3D reconstructed images obtained from CT 
and calculate the porosity data of the sample under 
different forming conditions. To eliminate the ef‑
fects of noise and artifacts， pores smaller than 5 μm 
were filtered out during pore statistics.

Thermal property analysis was conducted using 
the DSC method， with relevant tests performed on 
the DSC3+ analyzer （Mettler-Toledo， Switzer‑
land）. Crystallinity was calculated using the equa‑
tion as follows［33］

XC = ΔH m

( )1 - w ΔH 0
m

× 100%

where w represents the fiber content of the compos‑
ite filament， ΔH m the melting enthalpy of the com ‑
posite filament， and ΔH 0

m the theoretical melting en‑
thalpy value of PEEK material at 100% crystallini‑
ty， with a value of 130 J/g［34］.

2 Results and Discussion 

2. 1 Effect of chamber temperature on tensile 
properties　

Fig.3 shows the tensile properties and Young’s 
modulus changes of the moulded samples under dif‑
ferent chamber temperature conditions. From the ex‑
perimental results in Fig. 3（a）， it can be seen that 
for the horizontally moulded samples， the tensile 
strength and modulus increased significantly with 
the increase of chamber temperature， and the tensile 
strength and modulus increased from 41.11 MPa 
and 2.49 GPa （80 ℃ chamber temperature） to 

62.72 MPa and 3.45 GPa （200 ℃ chamber tempera‑
ture）， respectively， with an increase of 52.59% and 
38.58%. In the temperature range of 140—170 ℃ ， 
the mechanical properties significantly improve. 
This is because when forming at temperatures 
above the glass transition temperature of the GF/
PEEK material， high cavity temperatures provide 
the energy and time required for polymer chains to 
recrystallize into continuous chains. At this point， 
the material can undergo isothermal crystallization， 
resulting in uniform crystallization and enhanced per‑
formance［24］. As can be seen from Fig.3（b）， for the 
samples moulded vertically in the Z-direction， the 
tensile strength showed a tendency to be maintained 
smoothly， followed by a significant decrease with 
the increase of the chamber temperature， and the 
trend of modulus increased with the increase of the 
temperature， but with a small magnitude of change. 
The tensile strength and modulus changed from 
20.61 MPa and 1.90 GPa （80 ℃ chamber tempera‑
ture） to 6.03 MPa and 2.24 GPa （200 ℃ chamber 
temperature）， with the changes of -70.73% and 

Fig.3　Variation of tensile strength and modulus with 
chamber temperature
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17.94%， respectively. Increasing the chamber tem ‑
perature did not increase the interlayer bonding prop‑
erties in the Z-direction.

Fig.4 shows the microscopic morphology of the 
fracture section of the horizontally formed sample at 
the position where the key tensile data changes. 
Figs.4（a） and （b） respectively present the morphol‑
ogies when the chamber temperature is 80 ℃ and 
110 ℃. The contact area between the deposited fila‑
ments in the horizontal layer is insufficient， and 
there are significant pore defects. The contact parts 
between the deposited filaments in adjacent layers 
undergo local deformation due to mutual mechanical 
interference， and no large-area fusion interface was 
formed. The fracture surface presents typical plastic 
deformation characteristics. As the temperature in‑
creases， as shown in Fig. 4（c）， when the chamber 
temperature reaches 200 ℃ ， the boundaries be‑
tween the transversely deposited filaments complete‑
ly disappear， while the interlayer interfaces between 
the longitudinal layers remain intact， but their bond‑
ing area significantly increases compared to the 
80 ℃ condition. The contact area between the de‑
posited filaments within the same forming layer in‑
creases， leading to enhanced penetration and diffu‑
sion between the filaments， thereby improving me‑
chanical properties［35］.

Fig. 5 shows the cross-sectional morphology of 
the vertically formed part. At a chamber tempera‑
ture of 80 ℃ ， the boundaries of the deposited fila‑
ments inside the specimen are clearly defined， and 
the cross-section exhibits a mixed failure mode char‑
acterized by extensive interlaminar separation failure 
and partial internal fracture failure of the deposited 
filaments. Interlaminar separation failure refers to 
the neat separation of the upper and lower layers of 
deposited filaments along their contact interface. 
Fractures within the deposited filaments occur at the 
corners of the filling trajectory. At the fracture loca‑
tions at the corners， distinct fiber pull-out features 
are observed， which only appear when fractures oc‑
cur within the deposited filaments. When the cham‑
ber temperature was increased to 110 ℃， the bound‑
aries between horizontal filaments inside the speci‑
men began to transition from distinct to blurred com ‑

pared to 80 ℃ ， with further signs of fusion. The 
cross-section exhibited a mixed failure mode of inter‑
laminar separation and internal fractures within the 
deposited filaments. However， the cross-section 
now exhibits numerous holes and grooves left by 
pulled fibers， and the fracture surface morphology 

Fig.4　Fracture section morphologies of the horizontally 
formed sample

Fig.5　Fracture section morphologies of the vertical forming 
sample
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becomes rougher. The proportion of internal fiber 
breakage failure increases， indicating that the elevat‑
ed chamber temperature enhances the bonding be‑
tween materials. At a chamber temperature of 
140 ℃ ， the fracture failure forms inside the speci‑
men are similar to those at 110 ℃， but the fracture 
locations exhibit smooth morphological characteris‑
tics， with only a small amount of fiber pull-out ob‑
served. This indicates a decrease in bonding perfor‑
mance， with fracture locations tending toward the 
contact interface between the upper and lower layers 
of deposited fibers. At a chamber temperature of 
200 ℃， the cross-section exhibits a single interlayer 
separation failure mode， with a few fibers pulled out 
during interlayer fracture. The interfaces between 
deposition threads within the same layer are not 
prominent， and the bonding is good， but the bond‑
ing strength at the interlayer interfaces is weak， po‑
tentially serving as the initiation point for cracks dur‑
ing failure. As shown in Fig.6， the ineffective im ‑
provement in interlayer bonding performance is like‑
ly due to the longer printing interval between layers 
compared to the time between filaments within the 
same layer. In a prolonged high-temperature envi‑
ronment， the crystallization time of the deposited 
layer material increases， resulting in larger crystal 
sizes and higher crystallinity. The proportion of 
amorphous regions between layers is small， and nu‑
merous crystals are arranged near the side of the al‑
ready deposited layer on the interlayer contact sur‑
face. The molecular chains of the current printed lay‑
er can only diffuse near the contact surface and can‑
not penetrate the crystals， resulting in a reduced 
density of molecular chain links between layers， 
which negatively impacts interlayer bonding 
strength［36］. Conversely， when the chamber temper‑
ature is within an appropriate range， the crystal size 
and density within the deposited layer decrease， al‑
lowing molecular chains between layers to have 
more space and opportunities for mutual diffusion 
and cross-linking， thereby enhancing interlayer 
bonding performance. The crystallinity of the frac‑
ture location of the test specimen under different 
chamber temperature conditions is compared in Ta‑
ble 2. As the chamber temperature increases， the 

degree of crystallinity gradually increases， reaching 
a maximum of 28.53% at a chamber temperature of 
170 ℃.

2. 2 Experiments and analyses for improving 
interlayer bonding performance　

In order to enhance the interlayer bonding per‑
formance， samples were moulded using the in situ 
thermal radiation device designed in this study. 
Since the IR energy is mainly absorbed by the mate‑
rial surface， its local and rapid heating effect can lo‑
cally remelt the surface of the previously deposited 
layer before the new layer is extruded to provide suf‑
ficient energy at the bonding interface， and promote 
optimal molecular diffusion and bonding without lead‑
ing to over-crystallisation or degradation of the host 
material. The surface morphology and surface rough‑
ness of the outer wall of the moulded samples under 
different conditions are shown in Fig.7. Fig.7（a） 
shows the surface morphology of the samples under 
four different conditions， namely， standard FDM 
moulding， annealing treatment after standard FDM 
moulding， the use of in situ thermal radiation during 
the moulding process （255 W power）， and the use 
of in situ thermal radiation during the moulding pro‑
cess （310 W power）. Fig.7（b） shows the surface 
roughness testing results， and Fig.7（c） shows the 
surface melting and collapsing morphology after the 

Fig.6　Molecular chain diffusion and cross-linking under dif‑
ferent crystallisation conditions

Table 2　Crystallinity of moulded parts formed at differ⁃
ent chamber temperatures

Chamber temperature/℃
80

110
140
170
200

Degree of crystallisation/%
13.37
19.05
22.04
28.53
27.37

363



Vol. 43 Transactions of Nanjing University of Aeronautics and Astronautics

thermal radiation power is higher than 310 W. Com‑
paring Fig.7（a）， it can be found that the corrugated 
features of the FDM process can be observed in all 
four morphologies， with the difference that the inter‑
layer fusion phenomenon appears in some areas of 
the sample surfaces other than the standard FDM 
moulding conditions， which is the most obvious phe‑
nomenon in annealed samples. For the surface 
roughness results in Fig.7（b）， the heat-treated sam ‑
ple showed the lowest Ra value of 8.83 μm， while 
the Ra values for the in situ thermal radiation mould‑
ed samples were similar to those of the standard 
moulding process， ranging from 11 μm to 12 μm. 
This indicates that， within the current allowable 
thermal radiation power range， in situ thermal radia‑
tion does not significantly improve surface morphol‑
ogy， but it also does not have any adverse effects. 
Whereas when the power is too high （320 W）， the 
collapse phenomenon as shown in Fig.7（c） occurs， 
resulting in the samples not being able to be formed 
properly.

A comparison of the Z-axis tensile properties of 
the moulded samples under different moulding con‑
ditions is shown in Fig. 8. Compared with the stan‑
dard FDM moulded samples， the tensile properties 
and strain-at-break rates of the samples that were an‑
nealed and heat-treated after moulding， as well as 
the samples that were moulded using in situ thermal 
radiation-assisted moulding， were enhanced. The 

maximum tensile strength of 27.54 MPa was 
achieved under in situ thermal radiation-assisted 
forming conditions at a power parameter of 255 W. 
Compared to the maximum tensile strength of 
24.70 MPa obtained after annealing heat treatment， 
this represents an increase of 26.54%.

Compared to the tensile strength of 11.25 MPa 
achieved using FDM forming alone， this represents 
an increase of 2.34 times by using in situ thermal ra‑
diation. Compared to the tensile strength in the hori‑
zontal direction， the vertical tensile strength under 
the 255 W thermal-assisted forming conditions 
reached 43.91% of the horizontal tensile strength 
（formed at 200 ℃ chamber temperature） and 
peaked at 66.99% of the horizontal tensile strength 
（formed at 80 ℃ chamber temperature）. In the 
study of fracture ductility， the highest values were 
obtained under 255 W in situ thermal radiation 

Fig.8　Performance comparison among different molding 
conditions

Fig.7　Comparison of surface morphology and roughness of the sample
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（1.74%）， followed by 310 W in situ thermal radia‑
tion （1.40%） ， and heat-treated samples （1.12%）， 
while the standard FDM moulding had a fracture 
ductility of only 0.22%. Compared with standard 
FDM moulding， the fracture ductility using in situ 
thermal radiation moulding is 7.91 times higher than 
that of standard FDM moulding. Based on the 
changes in the above data， the in situ thermal radia‑
tion-assisted moulding can improve the bonding 
strength and fracture toughness between layers in 
the vertical direction of the sample.

To study the bonding behavior of the interlayer 
interface under the action of in situ thermal radia‑
tion， the cross-section morphology of the samples 
was observed using an optical microscope as shown 
in Fig.9. Fig.9（a） shows a standard FDM moulding 
sample. With a neat cross-section， cracks expand 
along the straight line of the interlayer contact loca‑
tion， smooth fracture surface， and the fracture form 
of brittle fracture and segregation of the interlayer 
bonding interface. Fig. 9（b） shows the sample with 
annealing treatment after moulding. The section is 
generally neat， and the cracks are deflected in some 
regions， showing a mixed mode of interlayer fracture 
and intralayer fracture. Fig.9（c） shows the 255 W in 
situ thermal radiation moulding sample， where the 
cross-section no longer follows a regular straight 
line. The cracks deflect several times during propa‑
gation， and the interface exhibits distinct internal 
fracture behavior within the deposition filaments， in‑
dicating that some of the interlayer interfaces are 
stronger than the internal bonding strength of the fil‑
aments. Fig. 9（d） shows the 310 W in situ thermo-

radiation moulding samples. The sectional morphol‑
ogy exhibits similar characteristics to those in 
Fig.9（b）， but the number of adherent debris in the 
fractured material is slightly higher， which is 
thought to be the reason why the tensile strength da‑
ta of the 310 W in situ thermo-radiation moulding 
samples are lower than those of the heat-treated 
samples but the ductility of them appears to be in‑
creased.

Further analysis using SEM of the fracture lo‑
cations and cross-sections of molded specimens un‑
der different conditions revealed significant differenc‑

es in the failure characteristics between the fibers 
and the PEEK matrix across specimens formed un‑
der varying conditions. Fig. 10（a） shows a standard 
FDM-formed specimen， where the primary fracture 
mode is interfacial brittle delamination， with small 
areas of ductile plastic fracture observed at the con‑
tact points between filaments［37］. These locations 
are presumed to have formed due to compression by 
the nozzle and contact with the nozzle’s outer wall 
during material extrusion. No obvious fiber pull-out 
phenomena were observed across the entire cross-

section， indicating that no fiber-PEEK interface sep‑
aration occurred during fracture. Fig.10（b） shows 
the cross-section of the post-annealed specimen， 
where the smooth surface of the deposited filaments 
remains visible， but the proportion of ductile plastic 
fracture regions has increased. This is clearly due to 
the annealing process providing conditions for re-

bonding between the deposited filaments［1］. The de‑
gree of plastic deformation in the fracture increased， 
and there were more distinct fracture separation fea‑
tures along the fiber-PEEK matrix interface. 
Fig.10（c） shows a specimen formed by in situ ther‑
mal radiation at 255 W， where the smooth interlay‑
er interface has been replaced by irregular fracture 
morphology. The fractures primarily occur within 
the deposited filaments， with a large number of ex‑

Fig.9　Cross-sectional morphologies under different forming 
conditions
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posed glass fibers at the fracture sites. The thinnest 
position in the vertical direction of the formed part 
has shifted from the interlayer deposition filament 
contact interface to the interface between the fibers 
and the PEEK matrix， specifically at the weaker in‑
terface between the fibers within the deposition fila‑
ment and the PEEK material. Fig.10（d） shows the 
in situ thermal radiation-formed sample at 310 W. 
Its cross-sectional features are similar to those in 
Fig.10（b）， still a mixture of smooth filament inter‑
faces and local plastic deformation failure features.

Fig.11 shows the comparison of the pore distri‑
bution inside the standard FDM process-formed 
sample obtained by CT scanning and the sample 
formed using in situ thermal radiation （power 
255 W）. Both samples have pore defects inside， but 
the pore size and content of the standard FDM pro‑
cess-formed sample are higher than those of the in 
situ thermal radiation-formed sample. According to 
the test results of the CT analysis software， the po‑
rosity of the standard FDM process-formed sample 
is 5.26%， and that of the in situ thermal radiation-

formed sample is 2.95%. The porosity of the in situ 
thermal radiation-formed sample is significantly low‑
er than that of the standard FDM process-formed 
sample. Comparing the morphology of the pores， 
the standard FDM process formed sample has 
large， continuous sheet-like pores inside， which are 
caused by the poor interlayer bonding and the gaps 
between the deposited filaments. The rest of the 
smaller pores are from the interior of the composite 
material［28］. The in situ thermal radiation-formed 
sample has smaller pore sizes inside， mainly com‑

Fig.10　Comparison of the fracture cross-sectional morphologies of tensile samples under different forming conditions

Fig.11　Comparison of the internal pore morphologies of di‑
rectly formed samples and thermal radiation-formed 
samples

366



No. 3 LI Haozhen, et al. Enhancing Interlayer Bonding in GF/PEEK Additive Manufacturing via…

posed of the gaps between filaments within the same 
layer and the interior of the composite material. The 
porosity within the material is also a factor affecting 
interlayer bonding performance. Within the same 
volume， the more pores there are， the smaller the 
contact area between the deposited filaments， result‑
ing in a reduced effective load-bearing area when 
subjected to external forces， thereby decreasing the 
material’s load-bearing capacity［38］. Additionally， 
pore locations are more prone to stress concentra‑
tion， making them susceptible to becoming crack 
initiation points under load， leading to premature 
failure in the vertical direction［23］.

In conclusion， analysis of the fracture morphol‑
ogy and internal pore distribution reveals that the 
sample formed using 255 W in situ thermal radiation 
exhibits more compact internal bonding. During the 
forming process， the thermal radiation device deliv‑
ers directional energy to the deposited layer， raising 
the interlayer interface temperature close to the 
melting point. This localized thermal environment 
enhances the wetting， flow， and diffusion of the 
PEEK matrix at the composite material’s interlay‑
ers. The flow of PEEK also improves the fiber-ma‑
trix interface， reducing internal pore defects［39］. At 
the same time， it also helps to release stress and im ‑
prove the dimensional stability of the formed 
parts［40］. The rougher cross-sectional morphology al‑
so proves that the degree of intermolecular diffusion 
at the bonding interface is greater， the degree of mu‑
tual wetting between interfaces increases， and the 
stress acting on the interlayer bonding interface can 
be uniformly released［41］.

3 Conclusions 

The effects of different chamber temperatures 
on the tensile properties and micro-morphology of 
GF/PEEK composites were investigated by experi‑
mental methods. An in situ thermal radiation device 
was developed to enhance the interlayer bonding 
properties in the Z-direction. Furthermore， the ef‑
fects of thermal radiation on surface morphology， 
surface roughness， interlayer bonding strength， and 
microstructural characteristics of the fabricated spec‑

imens were examined. The conclusions are as fol‑
lows：

（1） The chamber temperature has an impact 
on the tensile properties and modulus of PEEK-

based composite materials. Increasing the chamber 
temperature can enhance the tensile properties and 
modulus of the horizontally printed samples. The in‑
crease in chamber temperature can increase the mod‑
ulus of the vertically printed samples， but it cannot 
effectively enhance the interlayer tensile strength.

（2） The designed in situ thermal radiation de‑
vice can significantly enhance the strength of the in‑
terlayer bonding interface of the sample without 
damaging the surface morphology， while also in‑
creasing the fracture ductility of the sample. Com‑
pared with the standard FDM formed sample， the 
tensile properties have increased by 2.34 times， and 
the fracture ductility has increased by 7.91 times.

（3） Cross-sectional microstructural analysis 
confirms that the performance enhancement is attrib‑
uted to the increased interfacial density and the en‑
hanced interdiffusion of polymer chains across adja‑
cent layers induced by thermal radiation. Moreover， 
the fracture form of the interface after strengthening 
changes from the original fracture along the interface 
between fibers to a mixed form of fracture at the in‑
terface between fibers and within the fibers.
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优化热输入提升玻纤强化聚醚醚酮增材制造层间结合

李昊真， 肖行志， 廖文和， 刘婷婷
（南京理工大学机械工程学院，南京  210094，中国）

摘要：针对大型玻璃纤维强化聚醚醚酮（Glass fiber‑reinforced polyetheretherketone， GF/PEEK）复合材料构件及

结构电路一体化制造构件成形后难以实施整体热处理、导致熔融沉积成形（Fused deposition modeling， FDM）构

件层间结合性能不足的问题，提出一种适用于成形过程的原位热辐射强化方法，以提升构建方向的层间力学性

能。通过调控成形腔室温度和原位热辐射功率，结合拉伸试验、层间拉伸试验及断口微观形貌分析，对不同热处

理方式下 GF/PEEK 复合材料的力学性能及层间强化机制进行了研究。结果表明：提高腔室温度能够改善水平

方向力学性能，当腔室温度为 200 ℃时，样件拉伸强度和杨氏模量分别达到 62.72 MPa 和 3.45 GPa；但层间拉伸

强度由 20.61 MPa 降低至 6.03 MPa，而层间杨氏模量由 1.90 GPa 提高至 2.24 GPa。采用原位热辐射强化后，构

建方向样件的层间结合性能显著提升，当热辐射功率为 255 W 时，垂直拉伸强度和断裂延展性分别提高至普通

FDM 样件的 2.34 倍和 7.91 倍，其性能接近成形后热处理样件。断口形貌分析表明，原位热辐射促进了层间聚合

物分子扩散与缠结，减少了界面孔隙等缺陷，从而显著增强了层间结合性能。该方法无需增加成形后整体热处

理工序即可有效提升 GF/PEEK 复合材料 FDM 构件的层间力学性能，为高性能热塑性复合材料复杂构件的增

材制造提供了有效的工艺途径。

关键词：聚醚醚酮；增材制造；层间结合强度；复合材料；热辐射

研究亮点：

1. 提出了一种适用于 GF/PEEK 复合材料熔融沉积成形过程的原位热辐射强化方法，无需成形后整体热处理即

可提高层间结合性能。

2. 揭示了成形腔室温度与原位热辐射对 GF/PEEK 复合材料力学性能的不同作用规律，并在本研究工艺条件下

确定了 255 W 为最佳原位热辐射功率。

3. 阐明了原位热辐射通过促进层间聚合物分子扩散与缠结、减少界面缺陷实现层间强化的作用机制。
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