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Abstract: 

Additive manufacturing is a powerful tool to design materials with original properties. An innovative 

design of poly (Ethylene Vinyl Acetate) (EVA) containing 30 wt.-% of Aluminum TriHydroxide (ATH) 

was reported in a previous paper and liquids (water or potassium carbonate aqueous solution) were 

incorporated in the 3D printed structure. These multi-materials showing interesting properties, but 

stability, control and processing of these liquid-containing systems were an issue due to porosity of the 

polymeric matrix. To overcome this issue, the use of hydrogels is considered in this study: being either 

solid or highly viscous, hydrogels can retain water in the design, despite the high porosity of the 

EVA/ATH matrix. In this paper, the liquid phase was substituted by flame retardant hydrogels (based 

on agar, alginate or poly (vinyl alcohol) - PVA), containing in particular vermiculite platelets and for 

the hydrogel based on alginate, K2CO3 as flame retardant fillers. Excellent behavior under a 50 kW/m² 

heat flux during a cone calorimeter test was obtained, with fast extinguishment of the flame and a low 

peak of Heat Release Rate (pHRR) and Total Heat Release (THR). The physical barrier formed by 

vermiculite platelets during the test, as well as the condensed phase mechanism of K2CO3 were found 

to be responsible for these excellent results, as found by confocal microscopy observations, electron 

probe micro analysis and X-Ray diffraction experiments. 
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Graphical abstract: 

 

Introduction  

The light weight and functional properties of polymers have made their use constant and in perpetual 

growth, for example in building and transportation fields. Unfortunately, the high flammability of most 

polymers threatens human lives and infrastructures, and fire retardant solutions are therefore an absolute 

need. Conventional solutions involve adding fire retardant fillers in the bulk of the polymeric materials. 

On the other hand, additive manufacturing, or 3D-printing, is a tool that has gathered a lot of interest. 

The capability to create original designs and the possibility to obtain unique properties or to optimize 

them by adjusting the morphology of the material, has open a wide range of prospects for the creation 

of innovative materials [1], [2]. 

Therefore, polymer additive manufacturing is a great opportunity to design materials with improved 

flame resistance and more particularly flame retardancy, by playing on the design rather than on the 

chemistry. However, most current works focus on adapting the process to print polymers containing 

fire-retardant fillers for fast prototyping and proof of concept, rather than investigating new designs. 

Guo et al, for example, have printed a fire-retardant formulation of PLA containing Melamine 

Polyphosphate (MPP), and found that they could maintain its fire performance through 3D-printing [3]. 

Koo et al. focused on printing fire-retardant polyamides and polymer composites [4 – 6]. 

In a previous paper, it was reported that a fire-retarded formulation of an ethylene-vinyl acetate 

(hereafter call EVA) copolymer containing 30% weight amount of Aluminum TriHydroxide (ATH) can 

be processed to create flame-retardant materials by 3D-printing [7]. Following this research, an original 

design was elaborated and innovative sandwich multimaterials filled with a liquid phase were prepared. 

The design consists of a core of EVA-ATH, with square-shaped empty cells so that 30% of the resulting 

plate is composed of EVA-ATH in the end. This core is sandwiched between two full skins of the same 

polymer. The cells were then filled with a saturated solution of K2CO3, which was selected as it is a 

well-known additive used in commercial fire extinguishing systems [8 – 11] as well as in the fire vase 

concept developed by Samsung (Seoul, South Korea) [12]. The final material was tested by mass loss 
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cone calorimetry and was found to extinguish immediately after ignition thanks to the release of CO2, 

H2O, K and KOH quenching the flame, resulting in very low heat release rate. The issue was that the 

amount of liquid added that was not easily controlled because of the porosity of the system causing 

unavoidable leaks [13]. 

In this paper, the combination of 3D-printing process to produce innovative fire retardant materials is 

further pursued, by filling the core of the previously described EVA-ATH sandwich multimaterial with 

fire retardant hydrogels. First, from an engineering point of view, this would allow to overcome this 

issue of leakage. Concurrently, the aim is also to take advantage of both 3D-printing and the hydrogels 

properties to manage and seal a high amount of water to add additional fire retardant properties to a 

material, by retarding ignition and quenching the flame. Hydrogels are indeed composed of a polymer 

network cross-linked in water. The resulting material can be either solid or highly viscous depending on 

the network, the fabrication process, and the cross-linking system, with water being the major 

component. Some hydrogels are already used for protection against fire, mainly as active components 

in extinguishing systems [14], [15]. Widusha et al [16] suggested the idea of using them as fire resistant 

solution in fabric laminates, since their high water content could limit the temperature rise for a certain 

time, until water evaporates and dilutes the reactive species in the flame to blow it out. Despite their 

high interest, they have only been used as active fire protective solution [17], [18], and never as potential 

fire retardant material, which is here made possible by the use of a 3D-printed hollow polymer core 

acting as a container for the hydrogel. In this work, three polymers which easily form hydrogels in water 

through different gelation processes were investigated: alginate, agar and poly (vinyl alcohol) (PVA). 

The different gelation processes, could provide insights on if and how this has an influence on the fire 

behavior of the final material. Fire retardant additives were introduced in the hydrogel, first by making 

hydrogel composite filled with vermiculite, a clay. Vermiculite was already tested as a fire retardant 

filler, usually included in polymer formulation [19], [20] or in thin coatings, such as in layer-by-layer 

systems [21]. It is believed to act as a char promoting agent and as physical barrier against heat and mass 

transfer [22]. In a second step, the possibility of including K2CO3 in the hydrogel formulation was 

examined to take advantage of its action against fire [13]. All samples were tested by mass loss cone 

calorimetry at an external heat flux of 50 kW/m². Full characterizations by confocal microscope, 

Electron Probe Micro Analysis (EPMA), and XRD before and after fire tests were also carried out, to 

investigate the fire protection mechanism.  

Materials and methods 

1. Materials  

The 3D printed designs were made using EVA (Evatane 28-05), a copolymer of ethylene and vinyl 

acetate (molar mass: 114.142 g/mol, Melt index between 5 – 8 g/10 min (at 190°C, 2.16 kg) [23]), 

supplied by Arkema (Colombes, France) as polymeric matrix and ATH (Apyral 40CD, D50 of 1.5 µm) 
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and purchased from Nabaltec (Schwandorf, Germany) as a flame retardant additive. ATH decomposes 

according to an endothermic reaction (2 Al(OH)3 → Al2O3 + 3H2O) [24] with formation of alumina 

acting as a protective ceramic and evolving water, acting as diluent of the flame. 

Hydrogels were prepared using the hereafter presented chemicals. Sodium alginate (molar mass: 216.12 

g/mol, viscosity: 5 – 40 cps for 1 wt.-% water at 25°C [25]), PVA (molar mass: 86.09 g/mol, viscosity: 

24 – 32 cps for 4 wt.-% water at 20°C [26]), calcium chloride (CaCl2), citric acid and potassium 

carbonate (K2CO3, 98% purity) were supplied by Sigma Aldrich (St Louis, Missouri, United States). 

Agar (molar mass: 336.33 g/mol, viscosity: 10 – 100 cps for 1.5 wt.-% water at 60°C [27]) from Mc 

Cormick (Baltimore, Maryland, United States), was used as well as borax from Borax Europe Ltd 

(Kolding, Denmark) and a solution of dispersed vermiculite (VMT) (Microlite 963, 7.8 wt.-% in water, 

Specialty Vermiculite Corp., Enoree, South California, United States).  

2. Polymer matrix processing 

A formulation of EVA containing 30 wt.-% of ATH additives (EVA/ATH (30 wt.-%)) was prepared 

using a twin-screw extruder (Haake Rheomex OS PTW16, Thermo Scientific (Waltham, Massachusetts, 

United States of America)) (Figure 1). The extrusion speed reached 100 rpm during the extrusion 

process. This twin-screw extruder was composed of ten zones with set temperatures: 150°C, 160°C, 

160°C, 160°C, 170°C, 170°C, 170°C, 160°C, 160°C 150°C, from the polymer feeding to the material 

die, respectively. ATH was added thanks to a gravimetric feeder in zone four (at 160°C). EVA/ATH (30 

wt.-%) material was cooled down in air and pelletized (pelletizer Thermo Scientific (Waltham, 

Massachusetts, United States of America)). 
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Figure 1. Extrusion and 3D printing process 

3. Printed samples 

EVA/ATH (30 wt.%) pellets were then used to print 50x50x3 mm3 EVA/ATH (30 wt.-%) polymer 

plates, according to a computer pattern using a Pollen (Ivry-sur-Seine, France) 3D printer, fully 

described elsewhere [7]. EVA/ATH (30 wt.-%) polymer pellets were incorporated on a feeder, then 

went through an extruder with a thermal gradient from 65°C to 130°C in the middle until 225°C at the 

output of extruder. To elaborate the final 3D object, a fused polymer filament is deposited layer by layer 

on a heated plate (65°C), which moves at 20 mm/s (Figure 1). The nozzle diameter was equal at 0.8mm, 

and the layer height correspond to 0.3 mm.  

Based on a previous paper [13], a sandwich design was conceived. It consists of two skins made of 

100% filled layers of EVA-ATH, and a partially-filled core (30% of polymer), as illustrated in Figure 

1. To be able to fill the empty cells of the core created by the design and thus elaborate the sandwich 

multi-materials with various phases, the top skin was printed separately from the bottom skin and core. 

4. Hydrogel and sandwich multi-materials elaboration process 

4.1. Reference hydrogels  

Hydrogel A was prepared by dissolving 3 wt.-% of sodium alginate in hot distilled water (at 70°C), 

under magnetic stirring. A controlled mass of alginate solution (around 2.7 g) is then poured in the core 

polymer design and directly plunged overnight into a water based gelation bath containing 2 wt.-% of 

CaCl2 and 0.5 M of citric acid monohydrate (Figure 2 a). Physical cross-linking occurs to ensure the 

formation of the hydrogel phase (Figure 2 a). It is noteworthy that citric acid was used in gelation bath 

in addition to CaCl2 to form alginate-gel to avoid the retraction of gel [28]. 

Hydrogel B is formed by dissolving 0.7 wt.-% of agar in boiling water (at 100°C) under magnetic stirring 

(Figure 2 c). The hot agar solution is then poured (with a controlled mass around 2.7 g) in the core, and 

leaved to cool down at room temperature. The gelation process occurs when the agar solution reaches 

room temperature. 

For hydrogel C, 3 wt.-% PVA is dissolved and stirred in hot distilled water (at 75°C). Then, cross-

linking in hydrogel C occurs by adding 0.6 wt.-% of borax in the stirred solution of PVA (Figure 2 d) 

[29]. The stirring is maintained until the solution cooled-down at room temperature and the gel is 

formed. Afterwards, the gel is incorporated in the empty cells of the core directly, with a controlled mass 

around of 2.7 g. Due to the constant stirring during the gel formation to ensure its homogeneity, hydrogel 

C has to be applied in the empty cells of the core polymer design after gelation. However, thanks to its 

soft texture, hydrogel C is easily applied (Figure 2 d).  
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4.2. Hydrogels containing vermiculite and vermiculite/K2CO3 

Hydrogels containing vermiculite or vermiculite and K2CO3 were then prepared in order to improve the 

fire retardant performances of the hydrogels A, B, C. 

Three new composite hydrogels containing vermiculite named A+VMT, B+VMT and C+VMT were 

elaborated. A commercial solution of dispersed vermiculite at 7.8 wt.-% in water was diluted to 7 wt.-

% using distilled water and heated to the appropriate temperature (70°C for A+VMT, 100°C for B+VMT 

and 75°C for C+VMT). Then the gels A+VMT, B+VMT and C+VMT were prepared by respectively 

adding sodium alginate, agar and PVA directly into the solution, then pouring it in the empty cells of 

the core polymer design before (or after for C+VMT) carrying the cross-linking step as previously 

mentioned (Figure 2 a, c, d).  

Finally, the incorporation of K2CO3 in the previously prepared gels containing VMT was not 

straightforward. Indeed, its addition in B+VMT and C+VMT causes VMT particles to agglomerate and 

thus prevent the gel formation whereas it disrupts the crosslinking process of A+VMT as it reacted with 

CaCl2 and the citric acid to yield CaCO3 and CO2 (Figure 2 b). Likewise, alginate and K2CO3, agar with 

K2CO3 or PVA/Borax with K2CO3 alone (without VMT) did not form a gel. Nevertheless, a gel 

containing alginate, VMT and K2CO3 (hereafter called A+VMT+K2CO3) was prepared with a modified 

gelation process. Based on a previous paper [13], 0.2 g/10 ml of K2CO3 was added in a solution 

containing 3 wt.-% of alginate and 7 wt.-% VMT (preparation previously described). The solution was 

then cooled down in a refrigerator for 48 h [30]. Then, the hydrogel is taken out of the fridge and 

deposited in the empty cells of the core polymer design, with a controlled mass around 2.7g (Figure 2 

b).  
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 Figure 2. Hydrogel sandwich multi-materials elaboration (a) 3D-H A or 3D-H A+VMT, b) 3D-H A+VMT+K2CO3, c) 3D-H 

B or 3D-H B+VMT, d) 3D-H C or 3D-H C+VMT). 

Afterwards, the design is sealed by fusing the edges of the polymer top skin to the polymer plate at 

200°C, thereby forming the final hydrogel sandwich multi-material. Seven samples were therefore 

prepared, their name and composition are gathered in Table 1.  

To evaluate the efficiency of using hydrogel, instead of air or liquid phase, two other samples were 

prepared to facilitate the comparison: 3D-air, and 3D-K2CO3 sat.-liquid, where the empty cells in the core 

created by the design are left empty or filled in with a saturated solution of potassium carbonate, 

respectively. 

Table 1. Name and description of samples prepared 

Name of the samples 
3D printed polymer part Phase incorporated in core 

Composition Weight ratio Composition Weight ratio 

1 3D-H A 

EVA/ATH (30 

wt.-%) 

0.67 ± 0.01 Hydrogel: Alginate 0.33 ± 0.01 

2 3D-H A+VMT 0.70 ± 0.02 
Hydrogel: Alginate + 

VMT 
0.30 ± 0.02 

3 
3D-H 

A+VMT+K2CO3 
0.72 ± 0.01 

Hydrogel: Alginate + 

VMT + K2CO3 
0.28 ± 0.01 

4 3D- H B 0.75 ± 0.01 Hydrogel: Agar 0.25 ± 0.01 
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5 3D-H B+VMT 0.73 ± 0.02 Hydrogel: Agar + VMT 0.27 ± 0.02 

6 3D-H C 0.73 ± 0.03 Hydrogel: PVA/Borax 0.27 ± 0.03 

7 3D-H C+VMT 0.74 ± 0.01 
Hydrogel: PVA/Borax + 

VMT 
0.26 ± 0.01 

8 ref 3D-air 1 Air 0 

9 ref 3D-K2CO3 sat.-liquid 0.72 ± 0.02 
Liquid: Saturated 

solution of K2CO3 
0.28 ± 0.02 

 

5. Fire testing: Mass Loss Cone Calorimeter 

Heat release rate (HRR) was measured as function of time using Mass Loss Cone Calorimeter (MLCC, 

Fire testing technology (FTT), West Sussex, UK), according to standards ISO 13927 or ASTM E906. 

In such test, a conical radiant heater equivalent to the one used in oxygen consumption cone calorimetry 

(ASTM E-1354-90) is used. The main differences between these tests is that MLCC quantify the heat 

released thanks to temperature measurements made by a thermopile located on the top of the chimney, 

instead of measuring the oxygen consumption. The 50x50x3 mm3 samples, placed in a horizontal 

orientation on a load cell distant from 35 mm from the cone heater, were exposed to a 50 kW/m2 external 

radiative heat flux, which corresponds to the late stage of a developing fire scenario [31]. During the 

heat exposure, HRR was recorded as a function of time via a data acquisition system (MLC Calc 

software, Radcal, Monrovia, California, United States of America). Three main parameters were 

determined from this curve (HRR versus time), and compared between samples: the peak of Heat 

Release Rate (pHRR), the Total of Heat Release (THR), and the Time To Ignition (TTI). Each prepared 

sample was done in triplicate, to ensure repeatability within the error margins of ±10% for pHRR and 

THR and ±15% for TTI. The average values were chosen for the comparison between samples afterward.  

In the middle of the backside of the polymer plate, the temperature was measured during the heat 

exposure. A K-type thermocouple (TC SA, Dardilly, France) was used, and fixed in a calsil plate to 

ensure its steadiness during the test. A graphtec 34970A data logger (Keysight Technologies, Santa 

Rosa, CA, USA) was used to record all data. 

6. Characterizations 

6.1. Optical characterizations 

6.1.1. Optical microscopy: 

Residues obtained after MLCC tests were cut using a blade, and the cross-sections were observed using 

a VHX-1000 HDR optical microscope (High Dynamic Range, Keyence, Osaka, Japan). 
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6.1.2. Confocal microscopy: 

The dispersion of VMT particles in hydrogel phase before MLCC tests was observed using an inverted 

confocal microscope (ZEISS LSM 780, Carl Zeiss MicroImaging GmbH, Jena, Germany). Fluorescence 

was obtained by using fluorescein (Sigma Aldrich, St Louis, Missouri, United States). When hydrogels 

containing VMT (H A+VMT, H B+VMT, H C+VMT) were prepared (as described in section 4. 

Hydrogel and sandwich multi-materials elaboration process), a 10-5 mol/L solution of fluorescein was 

used instead of pure distilled water. Then, a drop of each hydrogel formed containing fluorescein was 

deposed on a thin glass slide for observation. It is noteworthy that the fluorescein loses its fluorescence 

properties in acidic environment (low pH reduces the luminescence intensity because of the existence 

of different protolytic reactions in the excited state due to the presence of carboxyl group, which thus 

influence the fluorescence) [32]. However, to form hydrogel A+VMT, a gelation bath composed of 

CaCl2 and acid citric is needed. The VMT dispersion observation for this hydrogel is thus not possible. 

For this reason, only for this hydrogel, VMT dispersion observation is done in liquid phase. 

The fluorescent aqueous probe was excited at 488 nm and emitted light was observed in the range 493 

- 624 nm. In these experiments, water appear in green due to fluorescein coloration, whereas VMT 

particles, not colored with fluorescein, appear in black. Observations were done using an immersion oil 

objective 40x, with numerical aperture of 1.3. Z stack were acquired on each sample. Finally, ImageJ 

software was used for image processing. Among Z stack pictures acquired, a representative image of 

sample was chosen (Figure 3). 

6.1.3. Scanning Electron Microscopy & Electron Probe Micro-Analysis: 

Scanning Electron Microscopy (SEM) observations and X-ray mappings of the cross-section of the 

residues obtained after MLCC tests were carried out to analyze their aspect and figure out the elemental 

repartition and dispersion, respectively. To perform these observations and mappings, residues were 

initially embedded into an epoxy resin. After 48h of curing at room temperature, samples were polished 

(up to 0.25 µm) using silicon carbide disks (ESCIL, Chassieu, France), followed by a carbon coating 

with a Bal-Tec SCD005 sputter coater (Bal-Tec, Los Angeles, California, United States). On one hand, 

SEM observations were performed on the residue, using a JEOL JSM 7800F LV (JEOL ltd, Tokyo, 

Japan) at 6.0 kV and 121.2 µA. On the other hand, cross-section X-ray mappings were carried out at 15 

KV, 40 nA using a Camera SX100 electron probe microanalyser (Electron Probe Micro-Analysis: 

EPMA) (Cameca, Gennevilliers, France). On the mappings, a color-coded legend characterizes the 

concentration of the element (black color: absence of the element to red color: highest concentration).  

Moreover, for mappings: (1) a PC2 (a multilayer of Ni/C), was used to detect Kα of C, (2) a Thallium 

Acid Phtalate (TAP) crystal was used to detect Al and Mg, (3) a Pentaerythritol (PET) crystal was used 

to detect K and (4) a Lithium Fluoride (LIF) crystal was used to detect Fe.  

Fe and Mg elements were identified due to their presence in vermiculite, and thus allowed observing the 

vermiculite orientation. K and Al elements were chosen as characteristics elements of K2CO3 and ATH 
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in EVA/ATH (30 wt.-%), respectively. It is noteworthy that K and Al elements are also present in 

vermiculite particles. Nevertheless, K and Al concentration in vermiculite is lower than in K2CO3 and 

EVA/ATH (30 wt.-%), respectively. Therefore, a distinction between these phases is easily done.  

6.2. X-ray diffraction  

Both Room-Temperature (RT-XRD) and High Temperature X-ray Diffraction (HT-XRD) experiments 

were done using a SmartLab© Rigaku diffractometer (Rigaku, Tokyo, Japan) equipped with a 9 kW 

rotating anode X-ray generator (Cu Kα=1.5418 A), fitted with a DTEX one-dimensional silicon-strip 

detector, in Bragg-Brentano reflection geometry. For RT, the θ-2θ scans were performed in the range 

5°-75°, with a step size of 0.03° and a speed of 2°/min, while for HT-XRD, patterns were recorded in 

the range 4°-65°, with a step size of 0.01° and a speed of 4°/min. The experiment was conducted under 

a static air atmosphere in an Anton Paar DHS1100 heating attachment, with a temperature range 25 - 

1000°C, using, on heating, 25°C plateau (heating rate 5°C/min between each plateau) and 50°C plateau 

at cooling. Scans were recorded after a one-minute temperature stabilization plateau. 

Results and discussion 

1. Characterizations before fire test 

Mass, thickness and liquid or hydrogel amount of each system are gathered in Table 2. All hydrogel 

sandwich multi-materials have almost the same global mass (9.3 g ± 0.7 g) and thickness (3 mm ± 0.1 

mm). The hydrogel mass incorporated in the empty cells of the core created by the polymer design is 

almost very close for all systems and is equal in average to 2.6 g ± 0.3 g. It is noteworthy that K2CO3 is 

only incorporated in hydrogel A+VMT using a “cold way” process to obtain a gel (as previously 

described in the experimental part), because the formation of a hydrogel in presence of K2CO3 is not 

possible with hydrogel B and C. It is assumed that due to the basic pH of K2CO3 in water, the formation 

of gel is very difficult and not achievable in certain case. 

Table 2. Composition of sandwich multi-materials. 

Polymer matrix Mass (g) Thickness (mm) Liquid / hydrogel amount (g) 

3D-air 5.82 ± 0.03 3 ± 0 / 

3D-K2CO3 sat.-liquid 9.4 ± 0.2 3 ± 0.2 2.6 ± 0.2 

3D-H A 9.40 ± 0.03 3.1 ± 0.1 3.1 ± 0.1 

3D-H A+VMT 9.5 ± 0.3 3 ± 0.2 2.8 ± 0.1 

3D-H A+VMT+K2CO3 9.9 ± 0.1 3 ± 0.2 2.8 ± 0.2 

3D-H B 9.5 ± 0.2 3 ± 0.2 2.33 ± 0.04 

3D-H B+VMT 9.2 ± 0.2 3 ± 0.2 2.5 ± 0.2 
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3D-H C 8.6 ± 0.6 3 ± 0.1 2.3 ± 0.1 

3D-H C+VMT 9.0 ± 0.4 3 ± 0.2 2.3 ± 0.2 

 

For VMT-containing systems, the dispersion of VMT particles in hydrogel was observed by confocal 

microscopy (Figure 3). In the case of hydrogel A+VMT (Figure 3 a), the gelation involving the use of 

an acidic bath. As it was previously explained in experimental part (confocal microscope section), the 

fluorescent agent loses its fluorescence properties in acidic environment [32]. Therefore, the 

fluorescence is lost during the hydrogel A+VMT formation preventing its observation. It is thus 

noteworthy that VMT dispersion observation was done on the liquid dispersion of VMT and alginate 

before gelation. However, for this kind of hydrogel the gelation starts immediately when the hydrogel 

is immerged in gelation bath. It is thus reasonable to assume that VMT dispersion in liquid and hydrogel 

phases is quite similar. Figure 3 a highlights that VMT particles (in black) are well dispersed in liquid 

phase, without preferential orientation (isotropic distribution of VMT). In hydrogel A+VMT+K2CO3, 

VMT particles show similar dispersion as in hydrogel A+VMT (Figure 3 b). VMT particles have no 

preferential orientation, and are well dispersed. The presence of K2CO3 seems to have no influence on 

the VMT dispersion.  

Regarding hydrogel B+VMT, VMT particles are oriented in preferential directions as illustrated in 

Figure 3 c (anisotropic distribution of VMT). After gelation, the structure is freezed, and therefore any 

organization of the VMT particles wouldn’t be possible if there wasn’t a primary organization of VMT 

in the polymer/clay mixture [33], [34]. Evidence of such local ordering in dilute clay suspension was 

observed for example by Poiron et al [35]. Therefore, the observed preferential orientation happens 

before gelation and can be explained by the slow gelation process. For reminder, hydrogel B+VMT is 

formed when the hot solution of B+VMT is cooled down at room temperature. Therefore, during the 

cooling, and thanks to the low viscosity of the VMT/agar hot solution, VMT particles have enough time 

to organize and have an anisotropic distribution before it is frozen by the increase of the viscosity as the 

gel forms. 

In the case of hydrogel C+VMT, some VMT particles are oriented, while others form stacks (Figure 3 

d). It is noteworthy that as the PVA/VMT dispersion is stirred, it is possible that under the shear 

constraints anisotropic patterns are formed where domains of VMT particles align according to the 

direction of the stress [36]. Upon borax addition, it is assumed that two mechanisms occur. First, borax 

cross-linking brings PVA chains closer to each other [37], meaning that vermiculite platelets are brought 

into tighter aggregates, which explains the VMT stacks observed. Then, the anisotropic structures 

formed during stirring are freezed by crosslinking, and become more pronounced as the shear stress 

increase with the viscosity of the medium [38], which justifies the preferential orientation of some VMT 

particles in Figure 3 d.  
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These observations thus reveal that VMT particles have different dispersion behaviors depending on the 

kind of hydrogel and gelation process considered: an isotropic distribution is observed for hydrogel 

A+VMT and hydrogel A+VMT+K2CO3, and an anisotropic distribution is shown for hydrogel B+VMT 

and C+VMT.  

 

Figure 3. VMT particles dispersion using confocal microscopy (a) Liquid A+VMT, b) Hydrogel A+VMT+K2CO3, c) 

Hydrogel B+VMT, d) Hydrogel C+VMT). 

2. Fire behavior 

Figure 4, 5 and Table A1 report the Heat Release Rate (HRR) versus time curves and the fire protection 

characteristics values, i.e. TTI, THR and pHRR of all samples. As illustrated by figure 4 a, 3D-H A and 

3D-H A+VMT both delay the ignition time. Indeed, for these systems, TTI is respectively about 6.5 and 

7.5 times longer than the TTI of 3D-air. However, the incorporation of these hydrogels does not improve 

the THR and pHRR compared to the reference (Figure 5 and Table A1).  

On the contrary, for the sandwich multi-materials 3D-H A+VMT+K2CO3, the incorporation of K2CO3 

leads to drastic improvement of THR and HRR (Figure 4), as it was expected from the behavior of 3D-

K2CO3 sat-liquid [13]). It was the reason of the elaboration of this material. The THR of 3D-H 

A+VMT+K2CO3 are reduced by 88%, 66% and 88%, compared to the reference (3D-air), 3D-K2CO3 sat-

liquid and sample with hydrogel A+VMT, respectively. A pHRR reduction of 86%, 38% and 84% is also 

measured for sample with hydrogel A+VMT+K2CO3 compared to reference, sample containing K2CO3 

in liquid phase, and 3D-H A+VMT, respectively (Figure 5 and Table A1). However, the TTI is about 

only slightly increase compared to the reference and the sample containing a saturated K2CO3 solution 

(1.9 and 1.5 times longer than 3D-air, 3D-K2CO3 sat.-liquid), and considerably decreased (3.9 lower) 

compared to 3D-H A+VMT. Consequently, K2CO3 enables to dramatically reduce the THR and pHRR 

of the system containing hydrogel A+VMT at the expense of the TTI. However, the gelation process 

differs from 3D-H A+VMT (where a gelation bath of CaCl2 is used) to 3D-H A+VMT+K2CO3 (where 

gelation is obtained by a cold way process for 24 h), what could also be accountable for the variation 

obtained for TTI measured during MLCC tests. Regarding the second comparison between the system 

with hydrogel A+VMT+K2CO3 and the system with K2CO3 in liquid phase, a slight improvement is 

obtained for the system with hydrogel, compared to the system with K2CO3 in liquid phase. However, 
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as shown in Figure 4 and 5, the difference between the two systems is very low and reveals a very low 

THR and pHRR in both case.  

As it was the case for 3D-H A, the TTI of the system containing hydrogel B (Figure 4 b, Figure 5 and 

Table A1) is increased by 48 seconds (about 2.8 times longer) than 3D-air, but no reduction of THR and 

pHRR is obtained (28% and 0.4%, respectively) compared to 3D-air. When VMT is incorporated in 

hydrogel B, a completely different behavior is observed. Indeed, compared to the reference 3D-air, THR 

and pHRR of sample containing hydrogel B+VMT are dramatically decreased (by -86% and -64% 

respectively), whereas the TTI is rather unchanged with an increase of 5 seconds.  

Regarding 3D-H C, no improvement is brought in terms of TTI, THR (-2%) and pHRR (-3%) compared 

to the reference. Figure 4 c shows a quick ignition of sample, with a fast extinction probably due to the 

water emission from hydrogel, and a second inflammation with a high heat release until the end of the 

test. However, when VMT is incorporated in hydrogel C, an unexpected fire behavior is observed. The 

THR and pHRR difference between 3D-H C+VMT and 3D-air corresponds to -82% and -36%, 

respectively. Regarding the TTI, a slight increase of 12 seconds was measured that is about 1.5 times 

higher than 3D-air. Therefore, as with 3D-H B+VMT, the incorporation of VMT in hydrogel C provides 

the formation a very efficient fire barrier exhibiting an extremely low THR value. 

Figure 4 d reports the temperature as a function of time curves measured at the backside of the reference 

(3D-air), and of the 3D polymer samples with hydrogel inside. First, it was observed that all systems 

reach a steady state at 500°C after 700 s to 1500 s of fire test. Indeed, the steady state of hydrogel 

containing systems is reached at longer times than for 3D-air. Moreover, for hydrogel containing 

systems, a plateau at 100°C is registered whereas it is not obtained for the reference. This plateau is 

attributed to the water released during the MLCC test. Finally, a slower temperature rise is measured for 

hydrogel containing systems than for 3D-air and thus the decomposition of the material is delayed. 

 

Therefore, the incorporation of hydrogel A and B in the 3D samples delays the TTI, but has no influence 

on THR and pHRR. No improvement is observed for hydrogel C. However, when VMT is added in 

hydrogel B and C an unexpected reduction of THR (> 80%) and pHRR (64% and 36% respectively) is 

measured, as opposed to hydrogel A where no significant decrease is observed. The incorporation of 

K2CO3 in hydrogel A+VMT allows to reach very low THR and pHRR, at the expense of TTI. To explain 

these fire behavior differences, visual observations of top and cross-section of residues after MLCC test 

were carried out and gathered in Figure 6.  
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Figure 4. Fire behavior of each system studied (a) for systems with hydrogel A, b) for systems with hydrogel B, c) for systems 

with hydrogel C, d) evolution of temperature versus time for all systems studied 

 

Figure 5. Fire protection performances values of each system studied 

For 3D-air, 3D-H A, 3D-H B, and 3D-H C, similar residues are observed. An agglomerate of white 

powder (alumina resulting from the dehydration of ATH) is obtained at the end of the MLCC test (Figure 

6 a, b, e, g).  

For 3D-H A+VMT, a grey residue is obtained and the initial structure is partly retained. Additionally, 

powder agglomerates can once again be seen (Figure 6 c). For 3D-H A+VMT+K2CO3 residue, the 

structure of the residue is maintained but is very brittle. Voids and polymer core can be observed, as 

illustrated in figure 6 d. When VMT is added in the two other hydrogels (hydrogel B+VMT (Figure 6 f) 
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and hydrogel C+VMT (Figure 6 h), the initial structure is kept at the end of MLCC test. The two skins 

and the core with voids inside can be distinguished. A white shell is observed, with a brown polymer 

core in the middle. The brown color could correspond to a mix of alumina residue and VMT network. 

To understand and explain the difference in terms of fire protection performances between systems with 

hydrogels containing K2CO3 and/or VMT: i) the VMT orientation and distribution in residues obtained 

after MLCC test were observed using EPMA imaging and ii) XRD analysis were also done to highlight 

if crystalline network modification occurs during the heat exposure. 

 

Figure 6. Top and cross-section pictures of residue after MLCC test (a) 3D-air, b) 3D-H A, c) 3D-H A+VMT, d) 3D-H 

A+VMT+K2CO3, e) 3D-H B, f) 3D-H B+VMT, g) 3D-H C, h) 3D-H C+VMT). 
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3. Mechanism investigation  

A first investigation is done on the heat release rate difference between samples with hydrogel A+VMT, 

B+VMT and C+VMT. Then, a particular attention will be paid to the effect of K2CO3 in hydrogel 

A+VMT.  

3.1. Clay influence investigation on the fireproofing 

3.1.1. EPMA observations 

Figures 7, 8 and 9 illustrate Al, Mg and Fe distribution for the reference (3D-air) and for the system with 

hydrogel A and A+VMT, the system with hydrogel B and B+VMT and the hydrogel C and C+VMT, 

respectively, using EPMA analysis. Al element distribution was observed to identify alumina formed 

by the 3D printed polymer (EVA/ATH (30 wt.-%)) degradation and Fe and Mg were analyzed to 

determine the VMT particles distribution after MLCC tests. First, it was observed that the reference and 

all systems without VMT were only composed of alumina, as Al-mappings illustrated (Figures 7 a1, 7 

a2, 8 a1, 8 a2, 9 a1 and 9 a2). No Fe, Mg and K were identified on the mapping, and thus, Fe/Mg and K-

mappings of sample with air, hydrogel A, hydrogel B and hydrogel C were not shown. For the samples 

containing VMT, Mg and Fe-mappings highlight a difference of VMT distribution according to the 

hydrogel considered. Indeed, for 3D-H A+VMT, VMT particles form clusters with some voids between 

each particle (Figures 7 b, 7 c, 7 d and Figure A1). On the opposite, VMT particles line up and tightly 

imbricate to form a protective layer for 3D-H B+VMT (Figures 8 b, 8 c, 8 d and Figure A2) and 3D-H 

C+VMT (Figures 9 b, 9 c, 9 d and Figure A3). Moreover, Al-mappings and Mg or Fe-mappings reveal 

that Al surrounds the VMT clusters in the case of 3D-H A+VMT or the tightly imbricated VMT 

networks in the case of sample with hydrogel B+VMT and C+VMT. It is also noteworthy that the Al, 

Fe and Mg-mappings of 3D-H B+VMT and 3D-H C+VMT are similar, which makes sense because of 

the similar initial chemical composition and the similar fire performance.  

The distribution difference between VMT particles reveals that VMT particles have a physical effect 

during MLCC tests, which explains the difference in term of fire protection performances. Indeed, for 

the system with hydrogel B+VMT, and C+VMT, the VMT particles are organized and tightly imbricated 

to form a protective layer, which reduces the mass transfer in the system (the gas evolution is limited 

because of the high tortuosity of the layer), and thus the heat release rate [22]. In comparison, for the 

system with hydrogel A+VMT, some voids can be distinguished between VMT particles, and therefore 

mass transfer is not limited and so, the released gases feeds the flame.  

To go further in the investigation of the mechanism, a study of the crystalline structure of the residue 

and thus the crystalline network evolution was carried out using XRD analyses.  
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Figure 7.  X-rays mappings of (a1) Al element of 3D-air, a2) Al element of 3D-H A, a3) Al element of 3D-H A+VMT, b) Fe 

element of 3D-H A+VMT, c) Mg element of 3D-H A+VMT, d) K element of 3D-H A+VMT) cross-sections, using EPMA 

measurements.  

 
 

 

Figure 8. X-rays mappings of (a1) Al element of 3D-air, a2) Al element of 3D-H B, a3) Al element of 3D-H B+VMT, b) Fe 

element of 3D-H B+VMT, c) Mg element of 3D-H B+VMT, d) K element of 3D-H B+VMT) cross-sections, using EPMA 

measurements. 
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Figure 9. X-rays mappings of (a1) Al element of 3D-air, a2) Al element of 3D-H C, a3) Al element of 3D-H C+VMT, b) Fe 

element of 3D-H C+VMT, c) Mg element of 3D-H C+VMT, d) K element of 3D-H C+VMT) cross-sections, using EPMA 

measurements. 

3.1.2. XRD analysis 

Figure 10 gathers the XRD scans of residues 3D-H A+VMT, 3D-H B+VMT, and 3D-H C+VMT. On 

all XRD patterns, similar peaks can be observed attributed to the presence of alumina and boehmite 

crystalline phases according to the database used for peaks identification. Indeed, the cubic alumina 

Al2O3 crystalline phase resulting from the ATH decomposition during the fire testing (Figure 10 and 

Figure A4) is detected by two peaks at 2θ around 60° to 67°. Moreover, a peak at 2θ value of 14° is 

attributed to boehmite AlO(OH) crystalline phase (Figure A4). This peak also results from ATH 

dehydration during the test.  

Then, a peak at 2θ = 30° (Figure 10) is observed for the residue of 3D-H A+VMT, as opposed to other 

residues where no peak is visible. It corresponds to calcite (CaCO3) crystalline phase, and results from 

the gelation process of hydrogel A cross-linked using calcium ions. Thus, during the fire test, hydrogel 

A decompose and CaCO3 is formed.  

Finally, other peaks (in the large region at 2θ values between 34° to 50°, from 2θ = 5° to 10° and from 

2θ = 26° to 30°) are detected and mainly correspond to VMT and more specifically to the phlogopite 

KMg3(Si3Al)O10(OH)2 crystalline phase (Figure 10 and Figure A4). Slight differences of position are 

observed between residues. The peaks identified in two sections of the XRD patterns from 2θ = 5° to 

10° and from 2θ = 26° to 30° correspond to the (00l) crystallographic plane of VMT. Their modifications 

reveal changes in the parameter c of the crystal structure corresponding to the d-spacing between the 

VMT layers [39], [40]. The peak between 5 and 10° of 3D-H A+VMT residue is detected at a higher 2θ 

value than the peak obtained for 3D-H B+VMT and 3D-H C+VMT obtained at the same position (Figure 
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10). The opposite is observed between 26° to 30° where the peak of 3D-H A+VMT residue is detected 

at lower 2θ value than the one of the two other residues. 

To explain the variations of d-spacing, and highlight their influence against temperature, a high 

temperature X-ray diffraction of VMT was done (Figure 11). 

 

 

Figure 10. XRD of residues: 3D-H A+VMT, 3D-H B+VMT, and 3D-H C+VMT. 

Figure 11 describes the evolution of VMT crystalline phase as a function of temperature (from 50°C to 

1000°C). Two phase transitions are clearly observed at 150°C and 900°C. Two 2θ regions (from 5° to 

10° and from 26° to 30°) are mainly impacted by these phase transition. The position and the shape of 

these peaks changes as a function of temperature. These phase transitions are due to the different 

hydration state of the VMT foils. For the first phase transition at 150°C, the water adsorbed on the 

surface and the water between interlayer is released, leading to a first crystalline transition, and thus a 

modification of the interlayer stacking distance [39], [40]. The second transition at 900°C provokes a 

slight increase of interlayer spacing (Figure 11) not clearly explain in literature. It is assumed that this 

second transition arises from a structural changed at high temperature [41]. For the residue 3D-H 

B+VMT and residue 3D-H C+VMT, the same peaks positions (from 5° to 10° and from 26° to 30°) are 

observed, and are similar to the ones measured for VMT at 100°C. Furthermore, the same observation 

(peaks ranging from 5° to 10° and from 26° to 30°) can be done for residue 3D-H A+VMT and for VMT 

at 800°C. These crystalline phase transitions and thus the interlayer stacking distance differences can be 

explained by the temperature difference reached on the sample surface. Indeed, due to the lower fire 

protective performances and thus to the presence of flame during MLCC tests, 3D-H A+VMT is 

submitted to a higher temperature on the top compared to samples with hydrogel B+VMT and C+VMT 

where the flame is rapidly extinguished.  

Moreover, in Figure 10, two peaks at 21.4° and 23.6° are identified for residues 3D-H B+VMT and 3D-

H C+VMT, as opposed to the residue of 3D-H A+VMT where no peak is visible. By correlating Figure 

10 and Figure 11, it is possible to suppose that both peaks do not come from VMT. Indeed, no peak is 

observed in Figure 11. Therefore, it is assumed that this phase corresponds to an organic phase from the 
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polymer decomposition during the heat exposure. Indeed, a carbonaceous phase is observed in XRD 

diagram between 20° to 25°, fully discussed in some previous papers as for example [42]. Based on 

figure 10 and the fire protective performances, this assumption makes sense because of the low heat 

release rate of 3D-H B+VMT and 3D-H C+VMT, compared to 3D-H A+VMT. It suggests that the 

carbonaceous phase has time to organize for systems with hydrogel B+VMT and C+VMT compared to 

system with hydrogel A+VMT, which is exposed to flame and higher temperature.  

 

Figure 11. High Temperature X-ray Diffraction of VMT. 

XRD results pointed out the absence of chemical interaction between the components of the systems. 

The variation of peaks attributed to VMT is due to dehydration processes related to the difference in 

heat exposure time between the different samples, which have a consequence on the interlayer distance. 

As a conclusion, VMT has seemingly no influence on the degradation of other constituents. Therefore, 

its action is purely a physical process rather than a chemical one, which confirms the previous EPMA 

observations. 

3.2. K2CO3 influence on fireproofing 

3.2.1. Gas phase mechanism 

K2CO3 has been reported to act both in condensed and gas phase [13]. In this study, figure 12 clearly 

highlights the presence of potassium into the flame (purple color) for the system containing hydrogel 

A+VMT+K2CO3 compared to the classical yellowish flame obtained for the system containing only 

hydrogel A+VMT [13]. Indeed, the coloration of flame is caused by the de-excitation of thermally 

excited electrons, which provokes the emission of a photon (light) with a precise wavelength depending 

on the electronic structure of the chemical element (K+ leads to a purple flame coloration).  

Therefore, before fire testing, K2CO3 is dissociated in the water of hydrogel according to this reaction: 

K2CO3 (s) + H2O → KOH + KHCO3. During MLCC tests, when the sample ignites, the solution reaches 

its boiling temperature and the solution is vaporized into the flame, leading to a purple flame observation 

because of the presence of potassium (Figure 12). As flame temperature is higher than KHCO3 

decomposition temperature, KHCO3 decarbonizes according to the following reaction: KHCO3 → CO2 

(g) + H2O (g) + K2CO3 (s). CO2 and H2O, two nonflammable gases, are produced, which dilute the flame 

and provoke its fast extinguishment, thus reducing the heat release rate during the MLCC test. Therefore, 
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the gas phase mechanism in hydrogel phase is similar to those observed in liquid phase (solution of 

K2CO3) [13]. 

 

Figure 12. Visual observation of flame color (a) for 3D-H A+VMT, b) 3D-H A+VMT+K2CO3) 

3.2.2. Condensed phase mechanism 

The condensed phase mechanism in presence of K2CO3 was also investigated. XRD analyses were 

carried out on the 3D-H A+VMT+K2CO3 residue and compared to those of 3D-K2CO3 sat.-liquid residue 

(Figure A5). As illustrated by figure 13, the same (KAl(CO3)(OH)2) crystalline phase was identified. 

Additionally, other crystalline phases attributed to VMT (phlogopite) and alumina (Al2O3) were 

observed on the XRD diagram. Therefore, as previously described, when the hydrogel A+VMT+K2CO3 

is vaporized into the flame, the following reaction occurs: 2 KHCO3 → K2CO3 (s) + CO2 (g) + H2O (g). 

The K2CO3 formed reacts with the ATH contained in EVA during the degradation, which leads to the 

formation of the crystalline phase KAl(CO3)(OH)2 identified using XRD analysis.  

 

 

 

Figure 13. XRD of residue 3D-H A+VMT+K2CO3 

To determine the action of the VMT in the fire protective mechanism of the system containing hydrogel 

A+VMT+K2CO3, Al, Fe and Mg mappings were carried out using EPMA. As for the system with 

hydrogel A+VMT, no stack of VMT is observed. VMT particles form clusters with some voids between 
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VMT particles (Figure 14 and Figure A6). Therefore, the efficiency of the VMT barrier is not as high 

as those formed by the systems containing hydrogel B+VMT or hydrogel C+VMT. However, VMT 

particles organize anyway and form a physical thermal barrier (less efficient than for system with 

hydrogel B+VMT and C+VMT, but still performant) which is added to K2CO3 thermal insulation action. 

Moreover, the crystalline phase composed of K and Al is confirmed on K and Al mappings. Indeed, a 

predominant phase (in yellow and green on Al (figure 14 a2) and K (figure 14 d2) mappings, respectively) 

is observed and located in the same part of the mapping. 

 

Figure 14. Cross-section X ray mapping in a) Al element, b) Fe element, c) Mg element, d) K element, using EPMA 

measurements of (1) 3D-air, 2) 3D-H A+VMT+K2CO3). 

Therefore, the efficient fire protective performance of 3D-H A+VMT+K2CO3 is explained by the 

combination of two phenomena: i) mostly due to the action of K2CO3 in gas and condensed phase (fully 

described in paper [13]), and also with ii) the physical action of VMT particles contained in hydrogel.  

4. General discussion 

The mechanisms of action of the various systems studied in this work are summarized in Figure 15 and 

Figure 16. When 3D-H A (Figure 16 a), 3D-H B (Figure 15 a) and 3D-H C (Figure 15 c) are exposed 

under a radiative heat flux, the top section of the materials (a 0.6 mm-thick plate of EVA/ATH) starts 

to decompose as the hydrogel slowly releases water. As a consequence, a long TTI is measured 

compared to the reference (3D-air). However, when all water is released, the material burns and 

decomposes, with a high heat release rate. In comparison with system using water as sole liquid phase 

[13], the use of hydrogel phase allows to reach longer TTI. Therefore, it is assumed that hydrogel phase 

allows to better control the water releasing during the MLCC test by spreading its release over a longer 

time [13]. Moreover, as previously mentioned, the only difference between hydrogel A, hydrogel B and 

hydrogel C is the gelation process: hydrogel C contains borax which provokes a swelling phenomenon, 

as it is illustrated in Figure 15 c, hydrogel A is formed using a cross-linking gelation bath, and hydrogel 

B is obtained by cooling at room temperature. Nevertheless, these different gelation processes have no 

influence on the heat release rate. They only influence the water release rate, which is different according 

to the system studied, thus leading to a short-to-long TTI value. The water release rate is slower for 

hydrogel A (which is a ionically cross-linked hydrogel) than for hydrogel C and hydrogel B. It is 

assumed that the water released rate from a hydrogel depends on the degree of chemical bonding of 
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water with the network and the ease to break these bonds (which is easily in the case of hydrogel B and 

C compared to hydrogel A) [43], [44]. 

When VMT is added in the hydrogel, a completely different behavior is observed: a very low HRR is 

measured for samples containing hydrogel B+VMT and C+VMT compared to samples with hydrogel 

A+VMT. The VMT organization and its link with thermal insulating mechanism was investigated using 

different techniques namely confocal microscope, EPMA and XRD analysis. It is noteworthy that under 

temperature VMT particles organize themselves and form a network which act as a physical barrier to 

delay the heat propagation. The efficiency of the physical barrier formed depends on i) the initial VMT 

distribution in hydrogel phase, and ii) the VMT organization and orientation during the heat exposure. 

On the one hand, the initial VMT distribution in hydrogel phase is a significant factor to provide an 

efficient thermal barrier because it influences the formation of VMT network upon heating. On the other 

hand, the VMT network formed during fire testing is very important. The tighter and more organized 

VMT network is, the less gas can be released to feed to the flame (as it was previously described with 

EPMA observations). For hydrogel B (Figure 15 a) and hydrogel C (Figure 15 c) VMT particles have 

an anisotropic distribution, with preferential orientation (confocal microscopy observations – see Figure 

3). When these samples are exposed to heat, the water contained in the hydrogel phase boils and the 

VMT particles migrate through to the top section. Due to their initial anisotropic distribution the VMT 

particles rapidly form an efficient physical barrier of high tortuosity constituted by aligned and stacked 

VMT platelets, which limits the gas emission, causing fast extinguishment. Therefore, a very low THR 

and pHRR are measured, due to this physical barrier. At the end of the fire test, the initial design is 

retained, which explains the efficient fire protective performances.  

In comparison, VMT particles in hydrogel A+VMT (Figure 16 b) have an isotropic distribution. When 

3D-H A+VMT is exposed to heat, the water contained in the hydrogel boils, and all the VMT particles 

migrate towards the surface without preferential orientation. The VMT particles organize in clusters, 

surrounded by polymer (EPMA observations – see figure 7). The physical barrier formed in that case if 

not gas proof. Voids are observed between the VMT particles, allowing gases to circulate, and thus 

feeding the flame. Therefore, a high rate of heat release is measured. At the end, only some parts of the 

design are retained. 

Finally, depending on the fast (for systems with hydrogel B+VMT and C+VMT) or slow (for system 

with hydrogel A+VMT) flame extinguishment, the crystalline structure of the VMT network is modified 

(XRD analysis). For the systems with hydrogel B+VMT or hydrogel C+VMT, a fast flame 

extinguishment is observed. The high temperature exposure time is thus less important compared to that 

reached for the system with hydrogel A+VMT. As a consequence, for system with hydrogel B+VMT 

and C+VMT, a crystalline transition similar to that obtained for VMT at 100°C is observed. It highlights 

a higher interlayer stacking distance. In comparison, Clusters of VMT located on surface are submitted 

to a high temperature due to the flame. As a consequence, the system with hydrogel A+VMT have a 
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crystalline transition similar to that obtained for VMT at 800°C (XRD analysis – see figure 11), which 

means the interlayer stacking distance is lower [39], [40]. XRD analysis thus highlight that no chemical 

interactions occur between the VMT particles and the polymer, and that different hydration levels and 

interlayer stacking distance between VMT particles are observed between the hydrogels. These analyses 

confirm that VMT has only a physical action.  

 

 

Figure 15. Illustration of fire behavior mechanism of new hydrogel sandwich multi-materials (a) 3D-H B, b) 3D-H B+VMT, 

c) 3D-H C, d) 3D-H C+VMT).  

 

When VMT particles are isotropically distributed, as it is the case in hydrogel A+VMT, the physical 

barrier is not as efficient as previously, and thus no significant improvement is measured in terms of 

THR and pHRR. To improve that, K2CO3 was incorporated in this system. Efficient fire protection 

performances are measured for 3D-H A+VMT+K2CO3, with a very low THR and pHRR during MLCC 

tests. These low values can be explained by the combination of two phenomena, as illustrated in Figure 

16 c. On one hand, K2CO3 acts in gas and condensed phase [13]. When the sample is exposed under a 

radiative heat flux, the water contained in the hydrogel starts to boil and vaporizes into the flame (as 

confirmed by the purple flame coloration). Therefore, the solution of K2CO3 is dissociated. With the 

high flame temperature, the decarbonation of KHCO3 occurs and produces two nonflammable gases 

(CO2 and H2O), provoking a fast flame extinguishment. This dramatically reduces the heat release rate 

and consequently improves the fire protective performance of the material. In parallel, the K2CO3 
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formed reacts with the ATH contained in the polymer matrix, which leads to the formation of another 

ceramic composed of Al and K (as demonstrated using XRD analysis). On the other hand, a physical 

action occurs with VMT particles contained in the hydrogel. Under heat exposure, the VMT particles 

have a preferential orientation around the polymer wall, allowing to retain the initial design. With these 

two phenomena, significant fireproof properties are achieved. 

 

 

Figure 16. Illustration of fire behavior mechanism of new hydrogel sandwich multi-materials (a) 3D-H A, b) 3D-H A+VMT, 

c) 3D-H A+VMT+K2CO3). 

 

Conclusions 

A new concept of sandwich multi-material, combining polymer 3D printing design and hydrogel filling 

was elaborated. The design developed, composed of two shells completely filled in with 100% polymer, 

and a core with 30% of polymer inside, was retained. However, the empty cells created by the design 

were not filled with a standard liquid or solid phase, but with a hydrogel phase to simplify the process 

and find a solution to sealing issues provoked by the porosity of the material. Three waterborne 

hydrogels, with various gelation processes were thus elaborated. Vermiculite was incorporated to 

improve their fire protective performances. It was revealed that hydrogels improve the TTI of systems, 
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and that VMT can in certain cases (e.g. for hydrogel B and C) dramatically reduce the heat release rate 

during heat exposure. These results were correlated with EPMA measurements and XRD analyses, 

which highlight the influence of VMT particles orientation and organization under temperature, and 

their influence on crystalline structure. To try to improve fire performances, K2CO3 was incorporated in 

the hydrogel phase. When K2CO3 is dissociated in water, it acts in gas (by diluting flame with CO2 and 

H2O released) and condensed phases (by forming a thermal protective ceramic residue). Therefore, by 

combining K2CO3 and VMT in a 3D printed system, a design with excellent fireproof performances is 

conceived. 

The interest of using hydrogel as structural constituents of multimaterials to design fire retardant systems 

was thus established.  It can be envisioned for example to use this type of materials for structural 

elements in buildings, such as floor or wall covers. However, a hydrogel will dry out after a certain 

period of time, losing its flame retardant properties. Therefore, the durability of hydrogel-containing 

materials is an important point to be addressed in further studies, by using hygroscopic species, or by 

designing some kind of barrier to prevent the water from evaporating. Another idea could be to use a 

silicon polymer to act as a water barrier.  
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Appendix 

Table A1. Fire protection performances values of each system studied 

Polymer matrix TTI (s) THR (MJ/m2) pHRR (kW/m2) 

3D-air 26 ± 1 49.4 ± 0.3 225 ± 13 

3D-K2CO3 sat.-liquid 34 ± 6 (x1.3) 18 ± 1 (-63%) 52 ± 4 (-77%) 

3D-H A 168 ± 6 (x6.5) 57 ± 2 (16%) 253 ± 5 (-12%) 

3D-H A+VMT 196 ± 2 (x7.5) 46 ± 1 (-2%) 203 ± 7 (-15%) 

3D-H A +VMT+K2CO3 50 ± 6 (x1.9) 5.65 ± 0.09 (-88%) 32 ± 1 (-86%) 

3D-H B 74 ± 6 (x2.8) 63 ± 4 (28%) 226 ± 6 (0.4%) 

3D-H B+VMT 31 ± 2 (x1.2)  7.1 ± 0.3 (-86%) 81 ± 3 (-64%) 

3D-H C 26.5 ± 0.7 (x1) 48 ± 5 (-2%) 219 ± 4 (-3%) 

3D-H C+VMT 38 ± 6 (x1.5) 9.5 ± 0.2 (-82%) 144 ± 5 (-36%) 

 
 

 

Figure A1. Cross-section of (a) 3D-air, b) 3D-H A and c) 3D-H A+VMT), using SEM observation. 
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Figure A2. Cross-section of (a) 3D-air, b) 3D-H B and c) 3D-H B+VMT), using SEM observation. 
 

 

Figure A3. Cross-section of (a) 3D-air, b) 3D-H C and c) 3D-H C+VMT), using SEM observation. 
  

 

Figure A4. XRD of (a) VMT, b) residue 3D-H A+VMT, c) residue 3D-H B+VMT, d) residue 3D-H C+VMT). 
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Figure A5. XRD of residue 3D-K2CO3 sat.-liquid. 

 

 

Figure A6. Cross-section of (a) 3D-air, b) 3D-H A+VMT+K2CO3), using SEM observation. 

 

 


