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ABSTRACT  

Selective Laser Sintering (SLS) is a well-known additive manufacturing technique that builds 3D 

complex structures by sintering powder particles together upon laser irradiation. In the polymer 

field, thermoset resins are a popular choice for a plethora of applications due to their great 

mechanical properties and thermochemical stability. However, due to their irreversible crosslinked 

nature, they are hard to be processed using SLS. Herein, a covalently crosslinked polymer 
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thermoset based on thermally reversible Diels-Alder (DA) bonds has been printed using SLS. The 

thermoreversible network exhibits a glassy behavior due to its high crosslinked density and glass 

transition temperature and was successfully milled into a suitable particle size, morphology and 

flow for SLS applications. At low temperatures, the DA equilibrium shifts towards the formation 

of the DA crosslinks, while at high temperatures the DA adducts gradually dissociate, allowing 

flow and reprocessability at temperatures above 131˚C. Furthermore, the printed parts exhibit 

healing ability when heated above their glass transition temperature, reaching a fracture stress and 

Young’s Modulus of 25.4 MPa and 1416 MPa, respectively. Thus, the dynamic nature of the 

network extends the build lifetime upon damage and also brings the opportunity of recycling or 

reprocessing, enhancing circularity compared to classic thermosets. 

KEYWORDS: Selective laser Sintering; Thermoset polymer network; Diels-Alder reaction; 

Thermoreversible; Self-Healing; Additive Manufacturing  

 

1. INTRODUCTION 

Additive manufacturing (AM), commonly referred to as three-dimensional (3D) printing, has 

attracted increasing attention from both academia and industry during the last decades, as it brings 

the possibility to manufacture made-to-order parts in an efficient and cost-effective fashion. The 

redefinition and customization of AM technologies, processes and materials bring plenty of 

opportunities in a wide application spectrum, such as, automotive, aerospace, medicine, electronics 

or prototyping. The basic principle of AM is the predefined layer-by-layer build-up of a desired 

object, enabling high shape complexity that could replace the use of classic part-specific tooling 

for some applications [1]. To make AM even more widely applicable, researchers worldwide are 

making efforts to expend the material palette that can be used, including the formulation of novel 
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materials to meet specific requirements, such as rapid tooling, lightweight components or design 

freedom [2]. 

 

Polymers are an important class of materials for AM applications. More precisely, 

photopolymerizing resins, thermoplastic powders and filaments, and viscous polymer inks are the 

most common polymer materials employed in the conventional AM fields [3]. Thermoset resins 

are a popular choice for structural applications due to their great mechanical properties, thermal 

stability and chemical resistance. However, the completion of the curing during the deposition of 

the liquid viscous resin, as well achieving an efficient inter-layer adhesion, makes these class of 

macromolecular materials hard to be printed without any remaining uncured monomer residues, 

demanding a post-curing treatment or higher concentrations of polymerization initiators that makes 

the process less efficient [4]. 

 

Despite the limited reaction conversions during the short AM timescales, some approaches have 

been found to make thermosets a feasible option for additive manufacturing technologies. One 

promising method consists of a two-stage curing by combining photocurable and thermocurable 

monomers in the same network [5, 6]. As an innovative alternative, the incorporation of dynamic 

covalent crosslinks within the polymeric structure arises as an efficient approach to prepare the 

desired object. Dynamic covalent chemistry comprises equilibrium-based reactions where the 

product formation can be manipulated by the concentration of the reactants as well as by modifying 

the reaction conditions. Their application as reversible crosslinks in polymers drives the 

formulation of dynamic covalent networks, where the dynamic binding-unbinding reaction 

equilibrium of the reversible bonds can be controlled by an external trigger, such as temperature, 
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light, pH or moisture [7]. The incorporation of dynamic bonding in polymers allows the creation 

of stimuli-responsive, high-performance materials with enhanced features [8, 9]. Those include 

self-healing [10, 11], shape memory [12, 13], self-assembly [14], biodegradability [15] or 

recyclability [16], finding applications in fields such as drug delivery [17], tissue engineering [18], 

optics [19], sensors [20], coatings [21, 22] or actuators [23-26].  

 

The aforementioned reversible networks have recently created great interest in the AM 

community. Their employment could lead to builds with enhanced interlayer adhesion, as the 

dynamic bonds are also active at the interlayer interface, leading to more isotropic properties and 

smart adaptability towards external dynamic environmental stimuli, showing great features such 

as longer lifespan by means of their intrinsic healing ability [27]. Roels et al. built a soft 

elastomeric robotic gripper with self-healing properties based on a thermoreversible Diels-Alder 

(DA) network using Fused Filament Fabrication (FFF), exhibiting faster manufacturing and a 

higher degree of freedom in the design [28]. Rossegger et al. proposed a mono-functional 

methacrylate phosphate as a new transesterification catalyst that allows the 3D-printing of high-

resolution structures based on vitrimeric thiol-acrylate photopolymers [29].  

 

Following the same trend, reversible thermosets have been printed. Dynamic crosslinks arise as 

a promising candidate to enhance the processability of thermosets for additive manufacturing 

applications, even during the two-stage curing method using DLP [30, 31]. Yang et al. prepared a 

dynamic resin via FFF based on reversible ester bonds, controlling the gel transition region, where 

the viscosity drops, to extrude the material, followed by a cooling step that allows the crosslinks’ 

rearrangement [32]. Similarly, Zhou et al. prepared 3D printable thermoreversible DA networks 
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with tailored mechanical properties (MPa to GPa) by tuning the DA crosslink density. A rigorous 

control of the glass transition temperature of the printed networks enabled multi-material printed 

objects with shape memory behavior [33]. Yuan et al. developed a similar thermoreversible 

thermoset to be applied in Direct Ink Writing (DIW), reporting high self-healing and mechanical 

properties [34]. 

 

Across the wide range of AM techniques, Selective Laser Sintering (SLS) arises as an 

industrially relevant technique as it shows several advantages compared to other AM techniques. 

SLS creates the product by selectively sintering powder particles layer-by-layer upon irradiation 

with a laser in cross-sections of the desired product. One of its main advantages is the use of the 

powder bed as support of the sintered piece, hence no support material is required, promoting free-

forming capacity. Also, control over the porosity of the built piece is possible, finding promising 

applications such as porous scaffolds [35] or membranes [36, 37]. However, the limited palette of 

available polymers apt for SLS (polyamide PA12 makes up about 95% of the SLS polymer market 

[38]) substantially limits the research for new applications. Thus, novel thermoset materials for 

SLS are needed to expand to other application domains already entered by other AM techniques. 

 

Dynamic covalent bonds have recently found a spot in the formulation of novel SLS materials. 

Sun et al. prepared and milled a reversible crosslinked poly(chlorophenol-urethane) and 

poly(bromophenol-urethane) elastomeric network, showing enhanced interfacial interaction after 

SLS compared to the classic physical entanglement of conventional thermoplastics such as PA12 

[39]. Sun et al. investigated the 3D printing of PDMS in a powder-based approach, by capping the 

PDMS chains with pyrazole urea dynamic bonds, exhibiting good self-healing properties and 
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sintering [40]. Thermoreversible Diels-Alder bonds have been recently reported by Ouyang et al. 

to allow the SLS printing of shape-memory and self-healing NIR-responsive composites [41]. 

Despite the encouraging progress, novel reprocessable materials with high stiffness for structural 

applications, as well as a better understanding of the reaction kinetics during the process, are still 

missing and are essential for the correct development of this field. 

 

In this research, for the first time, a thermoreversible Diels-Alder thermoset is prepared for SLS 

applications. By using the right furan and maleimide monomers, a high crosslink density is 

achieved, thus a glassy thermoset can be prepared for further comminution and manufacturing. At 

low temperatures, the dynamic equilibrium is shifted towards the formation of the DA adducts, 

forming the densely crosslinked network. At high temperatures the retro Diels-Alder reaction is 

favored, leading to dissociation of the DA adducts, ultimately resulting in degelation of the 

polymer network when enough Diels-Alder crosslinks are broken by increasing the temperature, 

allowing the material to be (re)processed. Furthermore, the printed part exhibits a triggered self-

healing ability: heating above the glass transition temperature (Tg) for a certain period, enhances 

chain mobility and seals damage like microcracks, fissures, and scratches [21] and even recovery 

of the performance of a sacrificial mechanical fuse of robotics has been reported for such DA 

thermoset [42]. Upon cooling, the material recovers its initial mechanical properties, shifting the 

equilibrium towards the reformation of the Diels-Alder crosslinks. This extends the built lifetime 

upon damage and brings the opportunity for further reprocessing once the material loses its 

functionality, hence enhancing the circularity of the polymer. 

 

2. Materials and Methods 
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2.1. Materials 

The polyethertriamine Jeffamine D400 (Mn = 484 Da) was kindly provided by Huntsman. 

Furfuryl Glycidyl Ether (FGE, 96%) and 1,1’-(Methylenedi-1,4-phenylene)bismaleimide (DPBM, 

95%) were obtained from Sigma Aldrich. Hydroquinone was obtained from Chimica. Chloroform 

(CHCl3, 99+% extra pure, stabilized with ethanol) was obtained from Acros Organics. All 

chemicals were used as received. PA2200 powder was obtained from EOS. 

 

2.2. Network Synthesis and Powder Preparation.  

The synthesis procedure was followed as previously described [43, 44]. First, D400 was furan-

functionalized with a stoichiometric amount of FGE via irreversible epoxy-amine reaction at 60 ˚C 

for seven days. Subsequently, the mixture was placed at 90 ˚C for two more days to ensure the 

reaction completion. The resultant product is named as F400, and the reaction completion was 

corroborated by NMR (See Supplementary Information) [45]. The furan monomer F400 was then 

dissolved together with DPBM in CHCl3 under stoichiometric furan-maleimide conditions. A 

small amount of hydroquinone (2 wt% of DPBM) was also added as a radical inhibitor to avoid 

bismaleimide homopolymerization at high temperatures. After dissolution of the components, the 

solution was casted on Teflon Petri dishes to let CHCl3 evaporate at room temperature, triggering 

the DA bonds formation. The resultant network (DPBM-F400) was further dried at 70 ˚C under 

vacuum for 7 hours to release CHCl3 left in the polymer to the maximum extent (confirmed with 

TGA). About 500 g of polymer was prepared for comminution. The synthesized DPBM-F400 was 

milled step-wise using a rotor mill (Pulverisette 14 Premium Line, FRITSCH) using sieves with 

pore sizes of 1 mm, 0.5 mm, 0.2 mm and 0.12 mm. To avoid friction heating during comminution, 

the material was previously frozen in liquid N2. As a refrigerance assistance for the milling of a 
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thermosensitive sample, the mill was equipped with a cyclone vacuum system and a cutting rotor, 

ensuring a suitable temperature during the milling process to avoid sample degelation by 

exhausting the hot air generated during the milling. For comparison, 25 mm plate and bar 

specimens were prepared by compression for further rheological study and mechanical 

characterization. Compression molded parts were produced using a Collin 200E hot press at a 

pressure of 50 bar during 30 minutes at 115 ˚C, followed by a slow natural cooling to ensure a 

high conversion is reached before vitrification sets in. 

 

2.3. Powder Characterization 

2.3.1. Microscopy: Particle size and shape, as well as the interlayer adhesion of the sintered bars, 

were visualized using a JEOL JSM-6010LV SEM, operating at 10 kV accelerating voltage. To 

minimize sample charging, powders were sputter coated with a thin Au/Pd layer by a JEOL JFC-

1300 autofine coater. Particle Size Distribution analysis (PSD) was used as an additional tool to 

examine the particle size and size distribution. PSD was conducted using a LS particle Size 

Analyzer Beckman Coulter LS 13 320 in a wet approach. Water was used as dispersing medium 

since the hydrophobicity of the network is sufficiently high to avoid solvent swelling during the 

analysis time frame. To evaluate the coalescence behaviour of powders, a Hot Stage Microscope 

(HSM) coupled to a CSS450 shear cell (Linkam Scientific) was employed without any shear. 

Powder was loaded on a heated borosilicate glass plate and sealed, creating a micro-environment 

in the cell. A temperature ramp of 1 K.min-1 up to 140 ˚C was set, starting at 100 ˚C, observing the 

polymer degelation. 
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2.3.2. Thermo-rheological characterization: Differential Scanning Calorimetry (DSC) was used 

to analyze the thermal transitions of DPBM-F400. A Q2000 DSC (TA Instruments), equipped with 

a Refrigerated Cooling System (RCS) was operated under N2 atmosphere. Powders (5-10 mg) were 

packed in non-hermetic Al pans and submitted to a cooling-heating cycle from -80 ˚C to 140 ˚C at 

10 K.min-1 to assess both Tg and the reversibility of the Diels-Alder reaction. A first heating up to 

90 ˚C was performed to release any enthalpic relaxation effect prior study. The viscoelastic 

behaviour during degelation was investigated by Dynamic Rheometry in an AR-G2 stress-

controlled rheometer (TA Instruments), using a convection furnace (environmental test chamber - 

ETC), and a 25 mm diameter steel parallel plate geometry. To observe the sample degelation, 

within the temperature range of 110 ˚C – 140 ˚C, a 1 K.min-1 temperature ramp was applied to the 

material under continuous oscillation at a strain of 1% and a frequency of 1 Hz. 

 

2.3.3. Powder flow characterization: Five different powder flow indexes were used in this 

research to assess their flowability and predict the powder layer density properties. All measured 

flow indexes were also obtained for PA2200 as SLS standard to contrast the quality of the layer 

deposition. The first two indexes, the Hausner Ratio (HR) and the Carr Index (CI), were measured 

in a tapped density tester JV1000 (Copley Scientific) equipped with a 100 mL glass graduated 

cylinder to determine the tapped density of the powder. A volume of 70-90 mL of powder was 

weighed and loaded within the graduated cylinder to determine the initial powder bulk density 

(ρb). Then, taps are applied to the powder until the powder volume level remains constant, and the 

final tapped volume is measured to obtain the powder tapped density (ρt). The test parameters are 

a fixed drop of 3 mm, at 250 drops.min-1. HR and CI are determined as shown in Equation 1 and 

Equation 2: 
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𝐻𝐻𝐻𝐻 =  ρt
ρb

                   (1) 

 

𝐶𝐶𝐶𝐶 =  ρt− ρb
ρt

· 100 = �1 − 1
𝐻𝐻𝐻𝐻
� · 100               (2) 

 

Dynamic angle of repose (DAoR) tests were performed on an in-house build set-up at room 

temperature [46]. A plastic drum was half-filled with the powder and sealed with paraffin and tape 

to avoid any powder leakage during the measurement. The drum was rotated around its own axis 

at a constant speed of 3 rpm for 2 min, monitoring the powder profile angle with a camera at a 

frame rate of 25 fps. This cylinder contains a backlight source needed to create a contrast for 

further image processing. A Matlab software analyses the powder surface via linear regression and 

computes an average angle in time (φ) and an average avalanche angle (φa). 

 

Finally, the powder rheology was assessed using an AR-G2 rheometer (TA Instruments), 

providing the flow energy Eflow of the powder in the free-flowing regime (Equation 1). A propeller 

geometry is rotated at a rotational (angular) velocity ω of 2 rad.s-1, while moving up and down at 

a linear velocity υ of 2 mm.s-1 in a ground-wired cup filled with 35 g of powder, monitoring the 

resulting torque. A gap depth of 12.5 mm is monitored by the propeller when moving the powder. 

The Eflow index is the result of the integration of the instantaneous work of the propeller over the 

z-axis motion path, which is a function of the axial and rotational velocity, monitoring the torque 

(M) and normal force (FN) exerted on the powder during the process [47]. 

 

𝐸𝐸flow =  ∫ ω

υ
 𝑀𝑀(𝑧𝑧) + 𝐹𝐹N(𝑧𝑧) 𝑑𝑑𝑧𝑧                (3) 
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2.4. SLS Process 

The LS process was performed on a DTM Sinterstation 2000 equipped with a CO2 laser 

(Gaussian diameter 450 µm) under N2 atmosphere with up to 5.5% O2. An in-house developed 

insert was integrated within the SLS station to reduce the required mass of powder necessary to 

perform multi-layer printing, reducing the powder mass to a minimum amount of approximately 

500 g. No pre-heating was applied to the powder bed to avoid interparticle healing. Even in the 

glassy state reconnecting surfaces is possible, as evidenced by dynamic mechanical analysis of a 

compressed powder after healing below Tg [48], not needing powder bed heating is a great 

achievement to enhance the sustainability of the additive manufacturing process, as SLS for 

thermoplastics usually requires a strong energy input to keep the build chamber heaters working 

[49]. More details about the laser printing parameters will be shown in the Results and Discussion 

section. Each deposited powder layer possesses a thickness of 150 µm. Scans were carried out only 

in the x-axis longitudinal direction to print bar-shaped specimens (size in mm: 30 x 5 x 1.5) for 

mechanical testing. 

 

2.5. Mechanical Properties and Surface Quality Determination 

Evaluation of the mechanical properties of the printed bars, as well as the compression molded 

ones for comparison, was performed using an RSA-G2 solids analyzer (TA Instruments) equipped 

with a 3-point bending clamp. All experiments were carried out at ambient temperature. Flexural 

fracture tests were performed until sample failure to obtain the stress-strain curves. The bars were 

initially submitted to a static force of 0.1 N to ensure good contact, followed by a pre-strain of 

0.01% to avoid any initial relaxation influence. To heal the material upon fracture, the previously 
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broken pieces were manually put back in contact, followed by a heating step to 115 ˚C for 30 min 

at a heating rate of 10 K.min-1. Thereafter, the sample was cooled down to 63 ˚C at a rate of 

1 K.min-1, staying isothermal for 2 hours [42]. 

Atomic Force Microscopy (AFM) was used to assess the surface roughness of the printed 

objects. A Cypher ES microscope (Asylum Research) working in tapping mode was used for this 

purpose. Olympus OMCL-AC240TS-R3 probes worked at a calibrated spring constant of 2 N/m 

and resonance frequency of 70 kHz under ambient conditions.  

 

2.6. Reprocessability Assessment 

Determination of the printed parts reprocessability was performed by comparison of the sample 

properties immediately upon milling and after the reprocessing step using DSC and FT-IR. The 

printed items were manually grinded back to a powder state and molded under compression at 

115˚C for 30 minutes, followed by a slow cooling to room temperature. DSC tests were performed 

following the same procedure as stated in Section 4.3.2. FT-IR tests were performed on a Thermo 

Fisher Scientific Nicolet 6700 FT-IR spectrometer. To do so, an attenuated total reflectance (ATR) 

setup was used to carry out the analysis under ambient conditions using a Nicolet smart iTR with 

a diamond coated ZnSe crystal. Prior testing, atmospheric contributions were corrected by 

subtracting the background signal. Sample powder was diluted with KBr powder to enhance the 

signal resolution. 

 

3. RESULTS AND DISCUSSION 

3.1. Characteristics of the DPBM-F400 network 
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The chemical structures of the employed reagents that constitute the DPBM-F400 polymeric 

network are illustrated in Figure 1a. The shortness of the Jeffamine spacer length leads to a high 

final concentration of furan groups (furan functionality equals four as each amine group is able to 

react with two FGE molecules), giving rise to a highly Diels-Alder (DA) crosslinked network 

when reacted with DPBM. Upon casting from CHCl3 and solvent evaporation, a brittle, solid 

network is obtained. It is shown later in the text that, when the laser irradiates the polymer particles, 

the increment in temperature promotes the retro-DA reaction, inducing higher mobility of the 

polymer chains by breaking DA crosslinks, and resulting in flow when heated above the gel 

temperature (Tgel). The degelled polymer is then able to create sintering bridges across the 

interface. Upon cooling, the DA bonds are reformed resulting in the network formation, recovering 

the sample’s original properties. However, there is no evidence that equilibrium is reached at room 

temperature due to vitrification, as it strongly slows down the conversion rate [50]. 

 

An elaborate thermal and rheological characterization was performed to assess the viscoelastic 

behavior as a function of temperature in view of understanding its behaviour during laser 

irradiation. Figure 1b shows the thermal transitions of the reversible thermoset as measured by 

DSC, showing a glass transition (Tg = 63˚C) as a sigmoidal change in heat flow, hence confirming 

the glassy nature of the proposed network at room temperature. Two endothermic peaks are 

observed in the temperature region above 90 ˚C, both originating from the retro-DA reactions of 

the endo and exo DA stereoisomers [45]. The experiment was repeated for several cycles showing 

the same transitions, hence the thermoreversibility of the DA bonds is preserved. The data 

corresponding to these cycles is shown in the Supplementary Information.  
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The retro-DA reaction is coupled to an abrupt decrease in the complex viscosity of the system 

during the gel transition (Figure 1c): as no macromolecular structures are interconnected as a 

network anymore, the mobility of the system rapidly increases. A decrease in the value of the 

complex viscosity of about four orders of magnitude was observed in the temperature range of 110 

– 140 ˚C. This is of essential importance to avoid porosity formation and to obtain dense printed 

parts during SLS. Upon cooling below Tgel, the network is reconstructed, and the polymer 

viscoelasticity rapidly shifts towards the formation of an elastic gel, followed by further 

vitrification when cooled below the increasing Tg. The theoretical Tgel was simulated to be 131˚C 

at a heating ramp of 1 K.min-1, which is in good agreement with the experimental gel transition 

temperature range observed using rheometry (See Supplementary Information). 

 

Figure 1. Chemical reactants used for the synthesis of DPBM-F400: (a) Jeffamine D400, (b) FGE 

and (c) DPBM, (d) DSC curves of DPBM-F400 upon linear heating at 10 K.min-1, (e) Modulus of 

the complex viscosity (red circles) and the phase angle (blue triangles) determined by linear 

dynamic rheometry in the temperature range of 110 – 140 ˚C (heating rate of 1 K.min-1) at a 

frequency of 1 Hz 
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3.2. SLS powder characterization 

These preliminary results, showing thermoreversibility and low viscous flow in the degelled 

state, are sufficient to assert that DPBM-F400 has promising properties to be employed for SLS 

applications. The next step adopted was the comminution of the polymer to a suitable particle size 

and morphology. Normally, particles sizes of 50 – 100 µm and spherical shapes are preferred for 

SLS [51, 52]. Commonly, SLS powders are prepared by cryogenic ball-milling. However, this 

method tends to produce rough, flake-like and polydisperse particles, contributing to a poor 

packing density after powder deposition in the SLS build chamber [53]. In this study, a rotor 

milling technique is used to produce the SLS powders. In this technique, a rotatory blade spinning 

at high speed impacts the material, forcing it against a built-in sieve with a certain pore size. This 

method reduces the milling time and exposition of the material to external forces. Thus, a more 

limited polydispersity as well as a better particle shape is attained as a result of the spherical sieve 

pore size [54].  

 

Pre-freezing the polymer with liquid N2 aids to keep the glassy state during the milling step. 

SEM micrographs of the milled materials as well as the PSD analysis are displayed in Figure 2, 

showing the formation of pseudo-spherical, smooth particles with a range that matches the mesh 

size employed during comminution together with a fraction of smaller particles. The small fraction 

was probably generated as a result of the brittle nature of the polymer when submitted to an intense 

shear force, contouring the particle to reduce the size and prompting smaller fractured dust 

fractions. This powder fraction with reduced size is expected to enhance the powder layer density, 

as it can be placed within the interparticle voids. The PSD analysis corroborates the SEM 

observations, exhibiting a D50 of 100.5 µm and a discernible portion in the range of 1 µm. Further 
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milling using a 0.08 mm mesh was considered but proved undesirable as a higher heat dissipation 

during the milling process (even when using liquid N2) was detrimental to the thermoreversible 

polymer stability. In addition, it is expected that the viscosity in the degelled state is low enough 

to achieve a good sintering for bigger particle sizes. 

 

 

Figure 2. SEM pictures (scale bar: 100 µm) of DPBM-F400 milled using a 0.12 mm sieve (left) 

and PSD results of the same DPBM-F400 powder (right) 

To corroborate the proposed sintering behavior of DPBM-F400 during SLS, particle coalescence 

was analyzed on a hot stage microscope (Figure 3). As can be observed, particle degelation visually 

initiates at a temperature around 128˚C, which is in good agreement with the simulation prediction 

of 131˚C and the evolution of the modulus of the complex viscosity (Figure 1c). At this point, the 

formation of the sintering bridges takes place, as the material starts to flow and contacts the 

surrounding particles. Further heating entails a lower viscosity, where the coalescence of particles 

is complete. However, too high temperatures could lead to undesired side reactions, like the 

irreversible bismaleimide homopolymerization. This, in turn, deactivates the reversible nature of 

the network, hence not being healable nor processable anymore [55]. Accordingly, there might 
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exist a trade-off situation between a total particle consolidation, resulting in irreversible crosslinks, 

and a partial sintering, keeping the reversible chemical nature of the network intact. The latter is 

preferred, as in case of deficient sintering an extra annealing step could further improve the printed 

part density. However, the measured viscous flow is expected to surpass the required value to 

achieve a nice fusing quality. 

 

 

Figure 3. DPBM-F400 particles coalescence on a hot stage microscope at (a) 20 ˚C (b) 128 ˚C and 

(c) 140 ˚C. Scale bar: 200 µm. 

 

Table 1. Summary of the obtained powder flow indexers of the milled DPBM-F400 powder, 

compared with PA2200 as SLS powder reference 

Sample HR CI φ (˚) φa (˚) Eflow (mJ) 

PA2200 1.09 8.26 36.9 ± 1.8 40.6 ± 2.1 19.1 ± 0.3 

DPBM-F400 1.20 16.90 38.8 ± 0.7 45.2 ± 1.0 36.6 ± 1.2 

 

Table 1 shows the studied flow indexes used to describe the flow properties of the milled DPBM-

F400 powder, compared to PA2200 as reference for SLS. A Hausner ratio (HR) higher than 1.22 

or Carr Index (CI) higher than 18 is considered as an indication of poor flow properties, while HR 

lower than 1.18 (CI of 15) is considered as good [56]. The results obtained suggest that DPBM-
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F400 has poorer flow properties than PA2200, which could lead to the formation of a higher voids 

concentration when spreading a powder layer. Nevertheless, the HR and CI values are still 

sufficiently low to obtain a fair flow that might be sufficient to densely pack a powder layer upon 

spreading. A similar approach applies to the dynamic angle of repose (DAoR) measurements. 

Larger φ and φa are translated into stronger interparticle interactions, which hinder particles to flow 

down due to the influence of gravity. As can be observed, φ and φa values for both PA2200 and 

DPBM-F400 are very similar, being a good flow indication despite the worse results observed by 

the tapping tests. An added value of DAoR tests is that the methodology can mimic the powder 

flow conditions at the counter-rotating roller in the SLS machine by choosing a similar angular 

velocity for the rotating drum [46]. Ultimately, the flow energy Eflow follows the same trend as HR 

and CI, though exhibiting a pronounced difference comparing PA2200 and DPBM-F400: for 

DPBM-F400, an almost two times higher torque is required to accomplish a certain deformation. 

This flow limitation can be translated in higher inter-particle forces and thus poorer powder 

flowability together with a certain morphological flow impedance. Additionally, DA bonds formed 

where surfaces touch could also interfere with flow properties, acting as an additional inter-particle 

force. However, due to the glassy state of the polymer at room temperature, it is considered that 

their influence is minimal, as Tg has been reported to be a distinct transition point for flowability 

changes for regular non-dynamic polymers [57]. 

 

3.3. Selective laser sintering parameters 

A laser sintering parameter optimization was implemented to build multi-layer pieces. The 

optimization process consisted of a theoretical kinetic simulation coupled to a visual inspection of 

the sintered parts. The extent of the DA reaction is highly kinetically influenced, that is, heating 
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and cooling rates have a strong impact on the reaction performance. The kinetic simulations show 

in Figure 4a illustrate how high heating rates shift the degelation towards higher temperatures: 

heating at 10000 K.min-1 requires temperatures above 200 ˚C to reach a conversion low enough to 

degel the material. In contrast, low heating rates keep Tgel at lower values. This is of great 

importance for the proposed DA networks, as temperatures higher than 140 ˚C entail higher side 

reaction risks. Notwithstanding the high temperatures reached, it is expected that the bismaleimide 

homopolymerization reaction is strongly limited as during the sintering process the cooling rate is 

also elevated [58]. A visual inspection of the side reactions observed during the laser parameters 

optimization is available in the Supplementary Information. 

 

 The optimized parameters employed for the printing conditions are shown in Table 2, where 

EDA is the areal energy density, Pfill and Poutline are the laser power used for the fill area and outline 

of a workpiece, respectively, νscan is the scanning speed, tlayer is the layer thickness, ωhatch is the 

hatch spacing, and Tbed is the powder bed temperature during the sintering process. One remarkable 

parameter is the low νscan employed for the printing process, which is the minimum allowed by the 

printer. It could be expected that, keeping EDA constant, the laser power and printing speed could 

be optimized to speed up the process. However, as demonstrated by the kinetic simulations, low 

heating rates are preferred in order to keep the reaction conversion as close as possible to the 

equilibrium conditions. The sintering experiments were performed without any bed temperature 

preheating. However, the residual heat of the laser irradiation increases Tbed. Therefore, during the 

entire sintering process, Tbed was monitored and kept below 55 ˚C by pausing the sintering process. 

The maximum bed temperature of 55 °C was selected to keep the material far enough from Tg to 

keep the properties integrity of the powder. It is expected that a chamber temperature above Tg 
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could trigger the DA bonds formation between colliding particles, thus affecting the powder flow 

properties and particle size distribution for further reusage [48]. Regular amorphous and semi-

crystalline thermoplastics used in additive manufacturing commonly exhibit a weak interlayer 

bonding in the printing z-direction due to the hindered interlayer chain diffusion upon cooling [59]. 

However, the presence of dynamic covalent bonds not only in the bulk polymer but also at the 

interface strongly improves the interlayer adhesion at the weld zone. The formation of strong 

covalent bonds at the interface turns into highly isotropic mechanical properties. Hence, SLS 

manufacturing of DA networks exhibits the potential to achieve such isotropic properties as 

illustrated in Figure 4b. Previous reports already demonstrated high isotropy of 3D-printed DA 

networks [32]. 

 

Figure 4. a) Simulations on the conversion DPBM-F400 conversion profile under different heating 

ramps. From left to right: Equilibrium conversion curve (red dotted line), 10 K.min-1 (red solid 

line), 100 K.min-1 (blue solid line), 500 K.min-1 (green solid line), 1000 K.min-1 (purple solid line), 

5000 K.min-1 (cyan solid line) and 10000 K.min-1 (black solid line). The dashed line corresponds 

to the previously calculated conversion at Tgel (xgel). b) Schematic representation of the SLS process 
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on a thermoreversible DA crosslinked network, exhibiting how the DA bonds are formed both at 

the particles sintering bridges and at the interlayer position. 

 

Table 2. Printing parameters used for the different multi-layer tests 

SLS Parameters 

EDA (J.mm-2) 0.56 

Pfill (W) 5 

Poutline (W) 3.3 

νscan (mm.s-1) 60 

tlayer (mm) 0.15 

ωhatch (mm) 0.15 

Tbed (˚C) < 55 

 

3.4. Self-healing behaviour of printed parts 

Using the printing parameters of Table 2, a set of rectangular specimens were built for further 

mechanical testing. A sintered bar used for 3-point bending fracture is shown in Figure 5a, 

compared to a compression molded analogue. The first irradiated layer exhibits a strong balling-

effect as a consequence of the combination of the low viscosity of the degelled network and strong 

capillary forces (See Supplementary Information). This reduces the first sintered layer’s quality, 

which is immediately corrected upon the deposition of subsequent layers, achieving a highly 

smooth surface. The healing capacity of a fractured sintered bar is shown in Figure 5b by 

submitting it to a thermal treatment of 30 min at 115 ˚C, followed by a slow cooling to 63˚C and 

kept isothermal at Tg for two hours to recover the network structure and properties. This allows 

the network to equilibrate the DA conversion without vitrification, thus achieving a higher 
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conversion by avoiding unreacted furan and maleimide groups upon quenching. A more detailed 

representation of the DA network conversion profile during the healing process is simulated in the 

Supplementary Information.  

 

To quantitatively assess the mechanical properties of the printed bars and the healing efficiency, 

the rectangular specimens were submitted to 3pt bending fracture tests. Fracture stress (σ), fracture 

strain (ε) and flexural modulus (E) were assessed and are presented in Figure 5c. The obtained 

results of the SLS built parts are compared to those of compression molded bars as a reference. 

The results obtained show a high flexural modulus for both the sintered (1153 MPa ± 282 MPa) 

and compression molded samples (2576 MPa ± 130 MPa), confirming the thermoset nature of the 

material. However, there is a large difference between the fracture properties of the compression 

molded samples and the printed ones, the latter showing poorer results (reproduced fracture 

stresses of 12.9 MPa and 54.3 MPa, and fracture strains of 1.69% and 2.18%, respectively). This 

difference is reduced when the sintered bars are submitted to an external thermal treatment, such 

as the one when the healing protocol is applied. After healing, an increase in the fracture stress is 

observed, while all fracture strains are nearly the same. This behavior is observed even for a second 

extra healing step on the same fractured and healed bar, presenting averaged fracture stress of 20.7 

MPa and 25.4 MPa after the first and the second healing cycles, respectively. Furthermore, the 

bars healed twice broke at a different spot as to where the first fracture was produced, confirming 

the excellent healing properties. Upon healing, also a steady increase of the flexural modulus E is 

observed, increasing from 1153 MPa up to 1416 MPa, though still far from the compression 

molded bar value of 2576 MPa. Since the healed bars failed at a different spot as where they 

initially fractured, it is expected that an annealed, non-damaged bar will exhibit the same behavior.  
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A potential explanation of this properties improvement by the thermal treatment arises from the 

fast cooling of the polymer after being irradiated. Diffusion hindrance when the temperature comes 

close to Tg substantially limits the mobility of furan and maleimide moieties, trapping the 

functional groups in a vitrified, partially crosslinked network, preventing it from reaching a full 

reaction conversion [48, 60]. A posterior heating above the Tg provides mobility to the system, 

allowing the material to reach higher conversions. Besides the too fast cooling, also porosity plays 

a role. SEM pictures of the cross section of a broken sintered bar before and after healing (Figure 

5d), clearly show how during the sintering process there exists porosity formation within the bulk 

material. These pores emerge as a consequence of the evaporation of small volatile molecules that 

were not able to be dried out under vacuum. TGA-MS experiments identified these volatiles as 

CHCl3 traces and unreacted FGE (See supplementary information). When the sample is thermally 

treated, it is observed that the pores substantially seal due to the enhanced mobility of the network 

when a sufficient fraction of the DA bonds is dissociated. The pore formation could also explain 

some of the differences observed regarding mechanical properties, demonstrating that the 

compression molded samples exhibit a considerable superior strength, since compression squeezes 

out all the trapped gas moieties.  
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Figure 5. a) Picture of SLS built (top) and compression molded (bottom) DPBM-F400 specimens. 

b) Healing experiment on a DPBM-F400 sintered bar under the application of an external thermal 

treatment. c) Fracture test results for DPBM-F400 bars manufactured using SLS, as produced 

(black solid line), healed for the first time (blue dash line), and healed twice (dot green line), 

compared to results obtained for a compression molded DPBM-F400 bar (dash-dot yellow line). 

d) SEM pictures of a sintered bar cross section before (left) and after (right) performing the healing 

step. The white arrow points the z-axis direction of the printed piece (Scale bar: 100 µm).  

 

Surface roughness of the printed bars were studied using AFM, comparing the top and bottom 

surfaces. The top layer (Figure 6a) of each construction is presented as a smooth, shiny and defect-

free surface, occurring as a consequence of the notable sintering quality achieved by the low 

viscous state of the degelled polymer. In this case, the printing process was manually paused once 

the last powder layer of the base was sintered, allowing vitrification of the polymer surface and 

impeding any potential partial sintering of the subsequently deposited powder layer. On the other 
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hand, the surfaces continuously covered with powder during the non-stopped sintering process 

(Figure 6b) have partially sintered particles from the surrounding powder bed due to the remaining 

free furan and maleimide functional groups at the sintered surface, showing a rougher surface. A 

subsequent thermal treatment such as the healing previously described improves the material 

smoothness. For the rough side, a very undefined surface with large features above 500 nm could 

be observed. The height of the features is larger than the one of the piezo threshold (larger than 2 

– 3 µm) so larger scale images could not be obtained (a scan size of 20 micros was unsuccessful 

because of that reason). However, the roughness inside the features could be analyzed. The 

roughness at 5 µm scale is one order of magnitude larger in the case of the rough side when 

compared to the flat side. To assess the surface quality at larger scales, SEM pictures were taken 

on the top and bottom specimen surfaces and exhibited in Figure 6c and Figure 6d, respectively. 

The resulting images match the AFM observations, showing the presence of partially sintered 

particles that gives rough texture to the bottom surface of the printed object. 
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Figure 6. AFM topographic images and 3D images of 5 µm x 5 µm corresponding to a) the top 

(flat) and b) bottom (rough) surfaces of the SLS printed specimens (scale bar: 1.25 µm). The 

roughness value (Rq) for each image is included. SEM pictures of c) the top (flat) and d) bottom 

(rough) surfaces of the SLS printed specimens (scale bar: 100 µm) 

 

3.5. More complex SLS models  
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After careful characterization of the test bars, a series of models were chosen for SLS printing 

tests. These models include hollow structures, such as a Jack-o’-lantern body and its corresponding 

pumpkin lid (Figure 7a), a hollow pyramid (Figure 7b), and a slug with small antennae (Figure 

7c). A major advantage of SLS compared to other additive manufacturing techniques such as FFF 

is the printing of hollow structures without the need of any external support, as the powder bed 

supports the layer sintered on top of it. Hollow structures were preferred for the sintering 

demonstrations to limit the build chamber residual heating as a consequence of the high laser 

scanning irradiation dose required for filled structures. The printed objects were consistent with 

the CAD models chosen and exhibited good resolutions. Adequate multilayer structures are 

expected to be potentially built at a minimum size close to 1 mm, as shown for the antennae in 

Figure 7c. Higher printing resolutions could be achieved by reducing further the average particle 

size of the powder. The previously shown surface roughness phenomenon is highly manifested in 

the hollow pyramid when observing the top layer of the structure base. By vitrifying the top layer 

upon controlled cooling, a very fine resolution can be achieved. In addition, the printed hollow 

structures can withstand heavy weight loads, without manifesting any visible sample deformation 

or fracture (See Supplementary Information). This fact nominates the self-healable DPBM-F400 

polymer network as an interesting choice for structural applications with an extended lifetime, 

where SLS can promote the design freedom of the final product. 
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Figure 7. DPBM-F400 laser sintered build models a) Jack-o’-lantern b) pyramid and c) slug with 

small antennae d) Scheme showing the circularity of DPBM-F400 after being sintered in order to 

reprocess the material under compression moulding e) FT-IR spectra showing the peak 

corresponding to the presence of DA adducts for unsintered DPBM-F400 powder (red), SLS-

processed DPBM-F400 (black) and DPBM-F400 recycled after SLS (blue) f) DSC graph of 

recycled DPBM-F400 upon heating (heating rate of 10 K.min-1) overlaid with the DSC results 

obtained for the unsintered initial powder  
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3.6. Printed objects recyclability 

In addition to the difficulty to manufacture conventional thermosets using layer-by-layer 

techniques due to the irreversible crosslinks, the lack of recyclability is recognized as one of their 

main drawbacks. This problem is overcome by way of the incorporation of thermoreversible 

crosslinks. Hence, when damage is too extensive and healing is not an option, printed parts can be 

reprocessed as a promising solution to enhance the material sustainability. Figure 7d shows the 

circularity of this process: SLS processed samples can be grinded back to a powder state when the 

material functionality is lost. The obtained powder can be either reused in the SLS process, if 

milled appropriately, or manufactured using another method such as compression moulding. This 

is a strong limitation of the prominent PA12 for SLS applications, as the sample ageing limits the 

powder reusability due to several factors, such as a decrease in crystallinity, increase in the 

molecular weight and aggregates formation [61, 62]. Upon reprocessing, the final material is 

recycled and ready to be used.  

 

To prove that DPBM-F400 does not undergo chemical degradation during the recycling process, 

FT-IR spectroscopy and DSC analysis of the recycled thermoset were performed. Previous reports 

couple the FT-IR peak at 1775 cm-1 to a specific absorption of DA furan-maleimide adducts [63]. 

Figure 7e corresponds to the FT-IR overlay spectra of the mentioned signal of unsintered DPBM-

F400 powder, sintered DPBM-F400 and DPBM-F400 recycled after sintering, milling and 

moulding. The presence of the mentioned peak corroborates the presence of DA bonds after the 

entire process. However, variations in the peak intensity are evidenced, that is, different DA 

adducts concentrations are present at each stage of the processing cycle. The raw powder shows 

the highest intensity, whereas DPBM-F400 after SLS printed exhibits the lowest value. The 
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recycled material shows an intermediate behavior. These results perfectly match the mechanical 

characterization results shown in Figure 5c. A higher DA peak intensity is translated into a higher 

DA crosslinks concentration, hence the greatest mechanical properties are expected from this 

material. Due to the extremely fast cooling rates of the SLS process, quenching of furan and 

maleimide broken units upon vitrification limits the final reachable conversion, hence presenting 

a reduced DA adducts concentration and lower mechanical properties. Since reprocessing using 

compression moulding provides to the system a controlled thermal treatment above Tg, the polymer 

chains gain sufficient mobility during this process to achieve a higher conversion. This behavior 

can be correlated to the healed samples improving the mechanical properties after each healing 

cycle. The full FT-IR spectrum is available in the Supplementary Information, not showing any 

appreciable new signal that can be correlated to side reactions. DSC analysis (Figure 7f) shows 

that both the Tg and the dissociation peaks of the DA adducts are preserved and perfectly match 

the DSC value previously shown in Figure 1b for the pristine DA thermoset. Variations in the DA 

stereoisomers heat flow intensity are observed and correspond to the different DA adducts 

concentration as a consequence of the different thermal history of the systems. The conservation 

of the properties and reversible nature of the network formation confirm the potential for repeated 

thermal treatments and thermal processing. 

 

4. CONCLUSIONS 

In this research, a thermoreversible Diels-Alder (DA) crosslinked network has been 

manufactured using SLS as 3D printing technique. The synthesized polymer network DPBM-F400 

exhibited glassy thermoset characteristics and thermal reversibility when submitted to a thermal 

treatment, accomplishing a low viscous degelled state that allows an efficient particle sintering. 
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When compared to PA2200 as reference, the milled powder showed nice pseudo-spherical 

morphologies and powder flow properties suitable to be employed for SLS applications. Sintered 

bars were printed to be mechanically characterized and compared to the material processed using 

compression moulding. Initially, there is a pronounced difference between the mechanical 

properties of both materials, but this is reduced when the samples manufactured with SLS are 

submitted to thermal treatments. A potential explanation relies on the reduction of the porosity 

formed during the sintering step by virtue of the sample healability. Finally, several models were 

printed to prove the design freedom of the SLS process for the proposed material. Moreover, the 

circularity of DPBM-F400 was assessed by recycling printed pieces, showing consistent results in 

terms of resolution. The chemical nature remains unaltered during the whole process, thus being 

reusable for future manufacturing. This research introduces the feasibility to perform SLS on DA 

dynamic covalent networks, and the followed conceptualization can be extrapolated to other 

dissociative or associative chemistries to build printable thermoreversible networks. 

 

Appendix A. Supplementary Material 

Supplementary data associated to this article is available free of charge. 

 

DSC results for consecutives heating-cooling cycles on DPBM-F400; Kinetic simulations of the 

DA equilibrium reaction under different thermal conditions; SLS process optimization 
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