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Abstract 

Because of the thermal resistance, high mechanical properties, biocompatibility, PEEK have increasingly 
extended their application in medicals, aircraft, industrial fields and so on. In FDM, a low crystallinity can be got 
to limit volume contraction to avoid weak interlaminar bonding, which results in the conflict between high 
interlaminar bonding and crystallinity. In this study, a CO2 laser device was adopted to improve both the 
interlaminar shear strength and the crystallinity of PEEK part synchronously in FDM. A series of test was then 
successively implemented. And after the observation and the analysis of the results, an obvious improvement was 
got that its interlaminar shear strength could improve over 45%, while its crystallinity could improve over double 
times for PEEK. Additionally, the process suggests a much potential in developing the gradient distribution of 
the crystallinity or stiffness in multi-function integration manufacturing for PEEK-like semi-crystalline materials. 

Introduction 

Because of their advantages of thermal resistance, desirable mechanical properties, and biocompatibility 
[1–3], semicrystalline thermoplastic polymer, such as poly(ether ether ketone) (PEEK), have been used as 
replacements for metals in many different applications [4–7]. These excellent performance characteristics of 
semicrystalline polymers are closely related to their semicrystalline forms, which are significantly influenced by 
the thermal cycles in the forming process [8–12]. Many industrial techniques have been used to manufacture 
products made of semicrystalline materials, such as injection moulding, pressing, and sintering, as well as 
emerging additive manufacturing processes [4,13,14]. Compared to traditional manufacturing, additive 
manufacturing techniques such as SLS and FDM have provided an innovative way to simplify processing and 
realize the manufacture of complex structural parts of high-performance polymers. In order to reshape the filiform 
raw materials, FDM has been reported to undergo a typical heating and cooling procedure [15–17], which 
influences the product’s crystallinity and final properties, especially for semicrystalline materials [18].  

In the conventional FDM process for semicrystalline materials, two problems exist simultaneously. First, 
the bonding strength of two adjacent layers is too low [19-21]. And secondly, it’s complicated to improve the 
part’s crystallinity. In order to improve the external interlayer bonding, most research adapted the rapid cooling 
to limit the big volume contraction, which results in the internal insufficient crystallization[14,22-23]. Therefore, 
the two phenomena affect each other. Aimed on solving the problems, a series of post heat treatments such as 
annealing have also been adapted after the rapid cooling printing to improve the part’s crystallinity again, whcih 
leads to a more complex process during printing. Also, the post treatment can only help get the part with 
approximate crystallinity.  Besides, in some cases, controlling the crystallization different in different region when 
printing a part could be very necessary, which asks for a more effective and simple method to realize these. Thus, 
a further research is required and introduced in this paper. 

Therefore, a laser in-situ heat treatment process for PEEK-like semicrystalline materials has been 
proposed to solve and optimize the two problems. An optimized FDM system was set up with a CO2 laser 
device. PEEK samples were prepared with and without laser assistance to compare with each other, and their 
interlayer shear strength and crystallinity were compared and analysed below. 
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A CO2 laser device with a maximum power of approximately 40 W and wavelength of approximately 10.6  
is integrated into the FDM printer. Fig.1a has shown the laser reflection pace in detail and then finally focused on 
the part through the laser focusing lens. The real equipment has shown as Fig.1e. A series of steps were utilized 
here to realize the printing as follows. 

1) The PEEK filaments used here were prepared form reprocessing from PEEK pellets (450 G, VICTREX
Corp., UK). 

2) A traditional 3-degree FDM printer system was chosen to combine the CO2 laser device with maximum
power of 40W and wavelength 10600 nm. 

3) Four mirrors were set up to construct an effective optical path to make sure the laser can reflect one by
one and in the end focus on the front of the printing nozzle shown in Fig.1a. 

4) Design the sample and test the performance.

The glass transition temperature (Tg) of the PEEK is approximately 143℃, its melting temperature (Tm) is

approximately 343℃, and its degradation temperature (Td) is approximately 420℃. In this study, the basic process 

parameters, including the printing speed, layer thickness, nozzle diameter, and heating temperature for fusion of 

the PEEK are maintained at 6 mm/s, 0.2 mm, 0.4 mm, and 410℃, respectively. 

Test of Temperature 

To study the relationship among the surface temperature, interlayer shear strength, crystallinity, and laser 
parameters, a laser was used at 5%, 10%, 15%, 20% of its 40 W maximum power. And the temperature was then 
measured by an infrared thermal imager (E50, FLIR Systems AB Corp., Sweden). The thermal image has shown 
in Fig.1b. 

Sample design 

A printing sample was designed and printed as shown in Fig.1c. The nozzle follows the arrows moving in 
a circular path in each layer. During printing, the laser is controlled to be powered on red side and off on the other 
sides; thus, the laser-on side can always receive the in-situ laser heat treatment, whereas the other sides receive 
no extra heating treatment. As Fig.1c shows, the outer length and width are respectively 50mm and 30mm, while 
the inner length and width are respectively 30mm and 10mm. The thickness of the sample is about 2mm. After 
printing,a pair of standard samples can be obtained by cutting the longest opposite sides of the rectangular annular 
sample seen in Fig.1d.  The standard sample’s length, width and thickness are respectively approximately 20±1 
mm, 10±0.2 mm and 2±0.2 mm. 
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Fig.1 Printer system and designed sample. Diagram of printer system (a), temperature distribution 

obtained by an infrared thermal imager (b), designed annular rectangular sample (c), standard sample to test (d), 
and real printer system (e). 

 

Short-beam test 

 

According to the standard for interlayer shear strength testing by the short-beam method (JC/T 773-2010 
in China), a short-beam-shaped PEEK part is needed to implement a three-point bending test in a universal testing 
machine (PLD-5kN, LETRY Corp., China). The pressure head diameter, span, and speed of pressurisation are 
approximately 5±0.2 mm, 10 mm, and 1±0.2 mm/min, respectively. As shown in Fig.1c, after the annular 
rectangular part is printed, standard testing samples with a length of approximately 20 mm are cut from the long 
side. The width and thickness of the samples are approximately 10 and 2 mm, respectively. After the experiment, 
using the premeasured width (b/mm) and thickness (h/mm) and the yield force (F/N) obtained in the experiment, 
the interlayer shear strength (τ_m/MPa) can be calculated as  

τ_m=3F/4bh                                                                            (1) 

 

DSC test to assess crystallinity 

 
The degree of crystallinity of the samples was measured using a standard differential scanning calorimeter 

(DSC1, Mettler Toledo Corp., Switzerland ). All samples were heated at a rate of 10℃/min to a temperature of 

400°C. The mass fraction of the crystalline region is then given by  

                       o
fcfc HHH  /)(                                                                   (2) 

where and  represent the measured values of the melting enthalpy and the cold crystallization exothermal energy, 
respectively.  is the melting enthalpy of PEEK with 100% crystallinity and equals 130 J/g [24]. 
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Results and Discussion 

 

Relationship between preheating temperature and laser power 
 
During printing, the thermal camera was used to capture the temperature distribution photos. The 

temperature in different points could then be processed with the software of FLIR Tools (FLIR Tools, FLIR 
Systems AB Corp., Sweden) as same as Fig.1b. The obvious laser point and the interlayer bonding point could 
be seen in the photo, while the photo with no laser was also captured during printing to compare to prove taht the 
laser is the only factor to influence the temperature’s improvement. 

The relationship between the laser power and heating efficiency was then established. The measured 
temperature is shown in Fig.2. As the laser power increases, the temperatures of the laser point and interlayer 
bonding point marked in Fig.1a are both increased. 
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Fig.2 Temperature of interlayer bonding point and laser point at different laser powers. 

 

Effect of laser preheating temperature on crystallinity 

 

As talked before, the cooling condition mainly influences the crystallinity. The laser used in the process 
reheat the printed PEEK part to help improve the crystallinity. However, different temperatures implemented 
during printing can result in different crystallinity. Therefore, a DSC analysis of the printed samples was 
performed. Before laser treatment, the cold crystallization peak and crystal melting peak both theoretically exist 
in the DSC curve shown in Fig.3. However, the laser treatment aims to eliminate the cold crystallization peak in 
the DSC curves by supporting the ongoing crystallization of the PEEK samples during printing. As shown in 
Fig.3, as the temperature increases, the crystallinity of the samples shows a corresponding increase. Without the 
laser, the crystallinity of PEEK is just retained at powers of less than 15%. With laser assistance, the much higher 
temperature improves the crystallinity to 34.5%, which approaches PEEK’s typical crystallinity of 35%. 

 
Because PEEK is a semicrystalline thermoplastic material, its mechanical properties, including the elastic 

modulus and yield strength, are obviously influenced by the degree of crystallinity. Related research has been 
reported previously [1,14,25,26].  

 
Except of the applied ambient heat treatment control [14,17] and post heat treatment control [14,23], the 

laser in-situ heat treatment process affects the cooling conditions in region, thus to control crystallinity. Therefore, 
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to realize crystallinity control, adjusting the corresponding laser parameters such as the laser power to change the 
temperature is a simple way. 

 

 
Fig.3 Controllable crystallization of PEEK specimens with different laser point temperatures. 

 

Effect of laser preheating temperature on interlayer bonding 

 

The interlayer shear strength was measured to assess the interlayer bonding effect. The force–displacement 
curve is obtained by performing a three-point bending test on a universal testing machine, and then the stress–
strain curve is obtained. The measurement data for the interlayer shear strength are shown in Fig.4. When the 
temperature of the laser point is less than Tg, the process provides little improvement in the interlayer bonding. 
Further, as the temperature increases above Tg, the interlayer shear strength obviously improves. The optimal 
bonding performance appears at a laser power of 15%, and the interlayer shear strength can improve by more than 
45%, as shown in Fig.4, which strongly indicates the potential of high-performance additive manufacturing using 
PEEK-like semicrystalline thermoplastics. 
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Fig.4 Interlayer shear strength and percentage increase of interlayer shear strength with different 

interlayer bonding point temperatures. 
 

Further Discussion 

 

Interlayer bonding 
 

There is reportedly a critical temperature that affects the interpenetration of molecular chains across a 
bonding interface [27]. Further, Tg has been proven to be the critical temperature at which interface disappearance 
and bond development in thermoplastic materials are facilitated during FDM manufacturing [19,28]. In recent 
years, there have been many studies on improving the interlayer strength of amorphous materials such as 
acrylonitrile-butadiene-styrene (ABS) and polylactic acid [19-21], and the flexural strength of extruded ABS 
material components can be increased to a maximum of 95% by in-situ heating. Unlike the case for amorphous 
materials, delamination is always obvious in semicrystalline materials [4], and it is usually the primary form of 
failure in PEEK-like semicrystalline materials in a bending process.  

 
The laser acts as a heat source to improve interlayer bonding in region at two levels. Macroscopically, the 

laser heats the previous layer to form a regional molten bath that adaptively bonds with the melting printing layer 
as it decreases in volume. Microscopically, the laser helps heat the bonding point in the previous layer to above 
Tg to effectively improve the interpenetration of the molecular chain ends [27]. By systematically analysing the 
Fig.4, we find that the interlayer bonding in the laser power of 5% has no obvious improvement because of lower 
temperature than Tg, and the laser power point of 15% has the most excellent bonding effect, which shows 
declination because of degration when over 15%. A related discussion has been reported previously [29]. 
Therefore, maintaining a suitable heating temperature by laser power control could easily facilitate optimal 
interlayer bonding. 

 

Simultaneous effect of laser on interlayer bonding and crystallinity 
 
As an effective process, laser-assisted heat treatment has been widely used in tape placement [30-33]. By 

combining laser preheating and post-hot-rolling processes, the tape placement process can firmly bond a metal 
laminate and a plastic tape. The research reported here is successfully inspired by the concept of tape placement, 
where the laser-assisted heat treatment process is used to preheat the interlayer bonding points to a temperature 
exceeding Tg, thereby greatly enhancing the cross-linking and interpenetration of molecular chains at the interface. 
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At the same time, for semicrystalline materials, the crystallinity can be controlled by adjusting the laser power to 
achieve controllability of the material modulus and rigidity of the components. Therefore, this is the first time 
that a simple process has been used to improve the interlayer shear strength and realize regional controllability of 
the crystallinity simultaneously for PEEK-like semicrystalline materials. 

 

Conclusion 

 
The interlayer shear strength and crystallinity of PEEK-like semicrystalline materials usually have 

conflicting manufacturing requirements, so most processes optimize one parameter at the expense of the other. In 
this paper, a laser in-situ heat treatment FDM process for PEEK has been demonstrated to effectively improve 
both the interlayer shear strength and the crystallinity simultaneously. The interlayer shear strength can be 
improved by more than 45%; further, the crystallinity was more than two times higher than that obtained without 
the laser treatment and approached to the typical crystallinity of 35%. Furthermore, the mapping relationship 
between various laser parameters, temperatures and the performance of the produced components has been 
successfully established to help realize controllability of the interlayer shear strength and local control of the 
crystallinity by adjusting the laser power within the effective range. 
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