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1. Introduction

Additive manufacturing (AM) has found great atten-

tion in recent years as it allows the manufacturing of

parts with complex shapes and geometries, which

cannot be produced using the traditional subtractive

manufacturing technologies [1]. Stereo-lithography

(SLA) and digital light processing (DLP) are the

most versatile liquid-based techniques, allowing the

achievement of highest accuracy and precision [2].

Both these techniques are based on layer-by-layer

localized UV photo-polymerization process of liquid

resins with proprietary photoinitiators [3].

Although AM has been successfully applied to

process many types of polymers, until now the 3D

printing of diene rubbers has not been achieved. Ther-

moplastic elastomers and ‘rubber-like’ materials are

available in form of filaments for fused deposition

modeling as well as photo-curable resins suited for

SLA and DLP. Although rubber-like materials with

a range of hardness are commercially available [4],

these materials don’t show the typical behavior of

vulcanized diene rubbers. The main drawbacks from

the use of commercial resins are the lower values of

elongation at break compared to diene-rubbers and

the unfeasibility to modulate the elastic modulus val-

ues [5].

On the other hand, the development of suitable diene

rubber formulations processable by SLA and DLP is

very appealing, since elastomers and rubbers are

widely used in several engineering applications, as

automotive, aeronautical and aerospace vehicles,

sports equipment and building materials due to their

excellent mechanical properties such as elasticity

and resilience, electrical and thermal insulation.

The development of 3D printable elastomers is quite

challenging mainly because of the crosslinking

process. SLA and DLP technologies involve the use

of liquid precursor presenting an upper limit to vis-

cosity. On the other hand, in order to obtain the high

elasticity after crosslink, high molecular weight lin-

ear precursors are needed which typically traduces

in highly viscous liquid or solid elastomers [6, 7].

Among the possible crosslinking processes UV in-

duced thiol-ene photopolymerization has proved to
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be a successfully way to photo-crosslink natural and

synthetic rubber both in latex and in solid film state

[8–10]. The thiol-ene photopolymerization proceeds

by a free-radical step-growth polymerization manner

[11]. The photolysis of the photo-initiator induces

the hydrogen atom extraction from thiol group pro-

ducing a thiyl radical (Initiation). The resulting thiyl

radical reacts with the double bond of the unsaturat-

ed monomer and gives rise to a secondary free radi-

cal (propagation A). The latter extracts the hydrogen

atom from a second thiol molecule producing a new

thiyl radical (propagation B). The reaction termi-

nates when two radical species couple [12, 13]. The

main advantages of using UV induced thiol-ene pho-

topolymerization are the rapidity of the curing

process, the use of solvent-free formulations and the

low energy consumption, and also the possibility to

photo-cure the polymer without the use of photoini-

tiator  [14, 15], hence, it seems the most promising

way for UV based 3D printing.

Up to now, the thiol-ene chemistry approach resulted

effective to vulcanize diene-rubbers both in latex and

in solid film state whereas, however, there are few

researches investigating the photo-crosslink of rub-

bers. Very recent efforts in 3D printing of hydrocar-

bon elastomers have been proposed by Scott et al.
[16] as well as UV-induced crosslinking of liquid sil-

icone rubber to tune the 3D printed part mechanical

properties [17, 18]. Moreover, Patel et al. [5] devel-

oped resin formulations based on epoxy aliphatic

acrylate and aliphatic urethane diacrylate diluted

with isobornyl acrylate to obtain highly stretchable

and UV curable elastomers for DLP.

In this work, a liquid diene rubber (polybutadiene)

has been photo-vulcanized using thiol-ene chem-

istry. 3D printed samples have been manufactured

proving the 3D printing feasibility. The crosslinking

reaction was studied by infrared spectroscopy and

swelling test. 3D printed samples have also been char-

acterized from a mechanical and morphological

point of view by tensile test and electron microscopy.

2. Materials and methods

2.1. Sample preparation

Liquid polybutadiene (composition: 80% cis- and

trans-1,4 and 20% vinyl, Mw 5000, Sigma Aldrich)

was mechanically mixed with 1 parts per hundred

rubber [phr] of photoinitiator ethyl(2,4,6-trimethyl-

benzoyl)-phenyl phosphinate (OMNIRAD TPO-L,

Mw 316,4 g/mol, IGM Resins). Then, the trimethy-

lolpropanetris (3-mercaptopropionate) (assay ≥ 95%,

Sigma Aldrich) was added at three different concen-

trations (1, 2 and 5 phr) as crosslinking agent. The

compounds were homogenized by mechanical mix-

ing using a planetary mixer (Thinky ARE 250) at

900 rpm for 2 minutes. The material was poured in

a Teflon mold (12×50×3 mm3) and cured at a radiant

power of 1.25 mW/cm2 for 20 minutes by a UV

lamp (40 W, spectral emission range of 320–410 nm

and maximum peak at 351 nm, Waldman) at room

temperature (RT).

The most effective curing agent formulation was se-

lected to manufacture, as 3D proof of concept, a UV-

cured stacked layer sample as follows: (i) 5 mL of

polybutadiene containing the photoinitiator (1 phr)

and the crosslinker (5 phr) were dosed by a syringe

pump system (Figure 1b) and deposited on an Y-mo-

torized aluminum building plate by an X-Z axis mo-

torized deposition head system (Figure 1a).

(ii) The deposited material was flattened to the de-

sired thickness (~=100 μm) by a stainless steel blade

moving at 10 mm/s and partially UV cured in a sec-

ond run by a UV lamp (maximum peak at 366 nm,

10 W, Merck MGaA) at 1 mm/s. Both the blade and

UV lamp are integral with the deposition head sys-

tem as displayed in Figure 1c. (iii) The deposition

head lifted up by 100 μm and the previous steps have

been repeated to reach seven layers. A post curing

process consisting of exposure to radiant power of

1.25 mW/cm2 for 20 minutes by a UV lamp (spectral

emission range of 320–410 nm and maximum peak

at 351 nm, 40 W, Waldman) at room temperature

(RT) has been performed on the printed sample to

ensure the complete crosslinking.

2.2. Characterization methods

The viscosity at 25, 35 and 50°C of liquid polybu-

tadiene was measured by means of a Kinexus Lab+

rheometer (Malvern), using a frequency sweep con-

figuration (0.01–10 Hz), according to ASTM D2501

to check its processability with SLA and/or DLP 3D

printers. Commercial Formlabs clear™ resin was

also tested as reference.

Fourier transform infrared (FT-IR) analysis (Perkin

Elmer, Spectrum 100) was performed on samples

containing 5 phr of crosslinking agent before and

after the curing process to assess the state of cross -

linking. The samples containing 1 and 2 phr of the
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crosslinking agent remained gel-like also after the

photo-vulcanization therefore these samples were

not be characterized. Spectra were acquired in the

range 4000–400 cm–1, 32 scans were performed for

each sample at a resolution of 4 cm–1. Then, the in-

tensities (I) of the peaks associated to the stretching

modes of C = C double bonds involved in the

crosslinking  (at 1656 cm–1) and to CH2 bonds that

do not participate to the cure process (at 2910 cm–1)

were measured from the spectra of uncured and

cured samples (Figure 1a). The crosslink effective-

ness was evaluated from the value of ratio

I2910 cm–1/I1656 cm–1 that after curing has to increase.

Crosslink density of UV cured samples have been

measured by solvent swelling test according to

ASTM D6814-02e1. Sample was allowed to swell

in Tetrahydrofuran (THF) solvent (assay >99.9%

Sigma Aldrich) for 24 hours at RT. The volume frac-

tion of the swollen rubber (Vr) was calculated by

Equation (1):

where: m1 and ρ1 are the weight and the density of

dry sample evaluated following ASTMD792 by py-

cnometer (Sartorius); m2 and ρ2 are the weight of sol-

vent in the swollen sample (calculated as m3 – m1

where m3 is the weight of swollen gel sample meas-

ured immediately after immersion) and the solvent

density, respectively.

Morphology of the 3D printed samples, realized with

the layer-by-layer approach, were investigated by

scanning electron microscopy (FEG-SEM Leo supra

35, Zeiss). Mechanical properties of the samples
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Figure 1. 3D printing system. Overall view (a), syringe pump system (b) and UV curing system (c).
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Figure 2. 3D printed tensile test specimen.



were assessed by dynamic mechanical analysis

(DMA, Tritec 2000 DMA, Triton Technology). Sam-

ples, having dimension 10×4×0.56 mm, have been

tested in tensile configuration at constant frequency

1 Hz and displacement 0.05 mm in the temperature

range –110 to 50 °C. Tensile tests were carried out

on rectangular specimens (Figure 2) cut out from the

UV-cured 3D printed samples having dimension

80×25×0.56 mm.

Uniaxial tensile tests (universal testing machine

Lloyd LRX, 50 N load cell, crosshead speed of

500 mm/min (Figure 3)) have been performed ac-

cording to ASTM D412.

3. Results and discussion

Viscosity values at 25, 35 and 50°C of liquid polybu-

tadiene are 4.71±0.02, 2.89±0.03 and 1.50±0.03 Pa·s,

respectively and are similar to those of commercial

resins used in stereo-lithographic 3D printers whose

values range from 0.25 to 5 Pa·s [19]. In particular,

the tested commercial Formlabs™ clear resin has

viscosity value of 1.45 Pa·s at 35°C, which is com-

parable to the viscosity of polybutadiene formulation

tested at 50°C, meaning that the rheological behavior

during 3D printing is very similar and the polybuta-

diene formulation can be successfully processed via

SLA 3D process.

The FT-IR analysis performed on uncured samples,

displayed in Figure 4a, showed the typical absorp-

tion bands of polybutadiene cis- and trans-1,4. In

particular, the bands at 3070 and 3050 cm–1 corre-

spond to CH stretching vibrations. A strong absorp-

tion around 1656 cm–1 corresponding to C=C stretch-

ing vibrations, and peaks at 967 and 740 cm–1, asso-

ciated to wagging of CH,  are characteristic of trans-

1,4 and cis-1,4 units respectively, moreover, peak at

910 cm–1, attributed to wagging of CH2 of  cis-1,2

units [20, 21].

The FT-IR analysis on photo-cured samples shows

a variation of intensity of characteristic peaks due to

crosslinking. Moreover, the presence of a peak at

around 3400 cm–1 corresponding to OH stretching

vibration ascribable to moisture is recorded. FT-IR

analysis revealed a higher value of I2910 cm–1/I1656 cm–1

for the cured sample (3.1) with respect to the un-

cured one (1.5) suggesting the reaching of crosslink-

ing. Moreover, the disappearance after curing of the

peak in the range 2625–2525 cm–1 corresponding to
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Figure 3. 3D printed sample showing high elongation before (a) and after (b) load application.



S–H stretching of the trimethylolpropanetris(3-mer-

captopropionate) suggests that all crosslinking agent

added to the liquid rubber reacted during photo-vul-

canization (Figure 4b) [11].

The swelling test confirmed the reaching of high

crosslinking degree. In fact, the volume fraction of

swollen rubber is 26%. The degree of swelling

(amount of solvent imbibed) depends on the crosslink

density. In particular, the lower the swollen volume

fraction,  the higher the crosslink density [22, 23].

Anyway, it has to be highlighted that even if swelling

test is a simple and very popular experiment to de-

termine the cross-link density, more than once the

results suffer from high uncertainty. In particular, the

difficulty in the correct determination of the volu-

metric fraction of rubber in the swollen state, as well

as the presence of insoluble ingredients that may

alter the ‘real’ rubber density, may affect the results

[24]. SEM micrographs of the cross section of the

3D printed sample show the structure consisting of

seven adjacent 80 µm thick layers (Figure 5a) show-

ing good adhesion (Figure 5b).

Adhesion between layers is fundamental in order to

achieve good mechanical performances of the 3D

printed parts [25]. The variation of storage modulus

with temperature (2·109–2·106 MPa) and the glass

transition temperature (Tg –77.5 °C) taken as the

maximum of tanδ peak (Figure 6a) are characteristic

of vulcanized polybutadiene rubber compound and

therefore confirm that the selected curing agents for-

mulation is effective [26]. A typical stress-strain

curve of the sample is reported in Figure 6b showing

the characteristic behavior and tensile strength of un-

filled diene rubbers [27, 28]. The tensile modulus at

100% strain, the stress at break and the strain at

break, obtained from the acquired stress-strain

curves, are 0.3±0.02, 0.54±0.04 MPa, and 402±10%

respectively. The obtained value for strain at break

(≈400%) has to be highlighted, being far higher than

commercially available UV curable rubber-like

resins for SLA and DLP, for which the highest elon-

gation is about 170–220% [5].
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Figure 5. SEM images of the cross section of UV-cured layer-by-layer sample (a) highlight of two layers (b).

Figure 4. (a) Normalized FTIR spectra of the uncured and cured liquid polybutadiene (b) detail of S–H stretching peak.



4. Conclusions

In this work, the thiol-ene chemistry was successful-

ly applied to photo-crosslink a liquid butadiene rub-

ber. The feasibility of 3D printing of the investigated

liquid rubber formulation was confirmed by the man-

ufacturing of 3D printed samples. 3D printed BR

specimens show a good adhesion between adjacent

layers leading to good mechanical properties com-

parable to vulcanized diene rubbers. The obtained

elongation at break (400%) are far higher than com-

mercial available ‘rubber-like’ resins.
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