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Fire retardant action of Layered Double Hydroxides and Zirconium 

Phosphate nanocomposites fillers in polyisocyanurate foams 

 

ABSTRACT  

Modern day energy codes are driving the design and multi-layered configuration of exterior wall 

systems with a significant emphasis on achieving high performance insulation towards improving 

energy performance of building envelopes. Use of highly insulating polyisocyanurate (PIR) based 

materials enhanced with eco-friendly lamellar inorganic fillers reinforces energy performance 

requirements, environmental challenges and cost reduction without compromising the overall building 

fire safety. The current work assessed the fire behaviour of PIR modified with three layered fillers, 

namely MgAlCO3 (PIR-LDH1), MgAl Stearate (PIR-LDH2) and Zirconium Phosphate 

octadecylamine (PIR-ZrP3). For each of the fillers, three loadings (2, 4 and 6 % by weight) were used. 

Optical analysis by X-ray diffraction patterns (XRD), cone calorimeter (CC), thermogravimetric 

(TGA) analysis, post-burning morphological evaluation using field emission scanning electron 

microscope (FESEM) and diffuse reflectance infrared spectroscopy (DRIFT) analysis, were 

performed. The results indicated that fire reaction properties and thermal stability of foam samples 

were enhanced with three different types of lamellar inorganic smart fillers. The initial degradation 

temperature of PIR-layered filler samples was increased, demonstrating that incorporation of flame 

retardants decelerated the degradation of PIR foam and contributed to significant char formation, from 

19.5% in pure PIR samples to 33% in PIR-6%LDH1 samples. Increasing the filler content also resulted 

in improved char properties and decreased peak Heat Release Rates (HRR) in the cone calorimeter. 

Due to the development of a stable char layer, samples containing 6% of ZrP3 did not ignite at 

20kW/m2 and a reduction of up to 40% in the peak HRR was achieved in PIR-2%ZrP3 samples.  

 

KEYWORDS: polyisocyanurate insulation; layered doubled hydroxides; zirconium phosphate; fire 

performance; fire retardant 
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1. INTRODUCTION  

There is an increasing need for improving the insulation properties of building envelopes driven by 

modern day energy codes for exterior wall systems. Increased insulation properties in multi-layer walls 

can be achieved with the use of non-combustible insulation materials, e.g. fiberglass and rockwool, 

and by using a wide range of highly insulating combustible foam materials.  Most commonly 

used insulation materials include polymers such as extruded polystyrene (XPS), expanded polystyrene 

(EPS), polyurethane foam (PUF) and polyisocyanurate (PIR) with or without flame retardants [1]. In 

order to meet energy performance requirements, environmental challenges and cost reduction without 

undue compromise the overall building fire safety requires appropriate design of these materials.  

The use of fillers in PIR foams can reinforce the polymer matrices in terms of energy performance, 

mechanical and thermal stability, smoke suppression and fire-retardant properties [2, 3, 4, 5]. To 

improve the fire-retardant performance of polymer insulation-related flame retardants, there is a 

tendency to substitute the commonly used halogenated flame retardants with more eco-friendly 

“greener” ones. Following contemporary sustainability requirements, there is a tendency to substitute 

halogen flame retardants with eco-friendly greener ones.  In contrast to halogenated flame-retardants, 

Layered Double Hydroxides (LDHs) and Zirconium Phosphate (ZrP) nanocomposites are among the 

most promising halogen-free mineral nanostructurant fillers. LDH and ZrP can substantially reduce 

the release of corrosive and toxic volatile compounds from combustion [6, 7, 8, 9, 10, 11]. Both LDHs 

and ZrP are currently been explored as second-generation more environmentally friendly fire-retardant 

additives with reduced toxicity and physiological effects [6, 7, 8, 9, 10, 11] that could threaten human 

health since during burning they produce reduced amount of smoke [12, 13, 14] and no brominated 

dioxins as compare to widely used halogenated flame retardants [15]. Their increased fire retardancy 

is observed in both gas and solid phases as they develop non-flammable gases diluting flammable 

gases and promoting surface charring [16]. At elevated temperatures, LDHs and ZrP have been shown 

to release interlayer water, intercalated anions and hydroxyl groups, resulting in local cooling of the 

flaming material and endothermic decomposition [17, 18, 19].  

Despite their effectiveness, LDHs and ZrP have until now limited commercial success as fire retardants 

because of difficulty in dispersing and distributing them in polymers, which limits their effectiveness 

[10]. Different authors have recently studied several types and contents of LDHs in polymeric-based 

insulation materials, mostly in PUF [e.g., 10, 11] and most of these studies concern their incorporation 

in PUF. A recent study [19] investigated the potential synergistic effect between organically modified 

nanoclay LDHs and flame retardants (expanded graphite and melamine polyphosphate) on rigid PUF 

(RPUF) for improving the fire retardancy and fire behaviour. LDHs demonstrated synergistic effects 
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with intumescent flame retardants on improving fire behavior of RPUF by decreasing the initial 

decomposition temperature, the second stage maximum-rate decomposition, the char residue at high 

temperatures and the, the heat release rate, the smoke release, and the CO/CO2 ratio. Specifically, 

wWith 40 wt. % of LDH loading, the peak Heat Release Rate (HRR) was reduced by up to 54% [19]. 

Several authors employed Cone Calorimeter (CC) has been widely used to determine flammability 

parameters in polymeric based insulation materials containing different types and percentages of 

LDHsto characterize several types and contents of LDH in polymeric-based insulation materials [10, 

20, 21, 22]. In [10] the replacement of the most frequently used nanoparticle to enhance fire resistance 

montmorillonite clay (MMT) with LDH, resulted in a more effective fire-resistant coating. A reduction 

of the flammability was in the range of 20 to 40% for peak HRR and 50% to 80% for average HRR. 

This increased fire resistance and char formation was attributed to the additional pathways provided 

by LDH. It was observed that, LDH releases water which acts in the gas phase to dilute the fuel and 

goes through an endothermic decomposition of its metal hydroxide layers. This endothermic 

decomposition decreases the polymer temperature and slows down pyrolysis. Cone Calorimetry (CC) 

analysis has also been used to investigate the fire hazards of combustible closed-cell polymeric 

insulation materials, such as PIR, by determining flammability parameters, such as the critical 

temperature, which could be used in the frame of performance-based design [22].  

These studies clearly highlighted the potential of using LDH or and ZrP in rigid forms for improved 

thermal stability and fire performance. The focus of the current work is thus to fill this knowledge 

gap.to extend existing work on PUR foams [5. 10, 11] and further investigate fire retardant action of 

LDH and ZrP in PIR foams. , however, in most of the studies PUR foams was used and there is very 

limited research on the incorporation of LDH and ZrP in PIR foams. The focus of the current work is 

thus to fill this knowledge gap. Two representative LDHs, MgAlCO3 (LDH1) and MgAl Stearate 

(LDH2) and one ZrP Zirconium Phosphate octadecylamine (ZrP3) were used. Furthermore, thethe 

effect of each filler’s concentration was also varied (2, 4, 6 % by weight) to examines its effect on the 

thermal degradation and flammability of the PIR foam was also investigated. The cellular structure 

and morphology of the virgin foams were first examined using XRD and field emission scanning 

electron microscope (FESEM) techniques. Subsequently, thermal stability and fire reaction properties 

of PIR samples incorporating three types of lamellar inorganic smart fillers were investigated using 

TGA and CC. TGA is used to determine how the fillers affect the degradation and thermal stability of 

the foam.  whereas CC is used to evaluates the overall fire performance of the composites in terms of 

heat release, ignition, mass loss and production of toxic gases such as CO and smoke. Finally, post-

burning morphological evaluation of the char residues of all formulations was performed using 

FESEM and diffuse reflectance infrared spectroscopy (DRIFT).  
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2. EXPERIMENTAL 

2.1 Test methods 

Optical Microscopy at 500 μm scale was used for the morphological evaluation of the foam structure 

of each filler and virgin foam sample. Cellular structure of the samples, both virgin and charred, and 

fillers was evaluated using a field emission scanning electron microscope (FESEM, Hitachi SU 5000) 

at an accelerating voltage of 15kV, coupled with Energy Dispersive X-Ray (EDX) analysis (EDX 

probe Bruker), to provide elemental identification. The crystal structures of the samples were analyzed 

by X-ray diffraction patterns (XRD) with a Bruker D2 Phaser diffractometer operating at 30 kV and 

15 mA, step size of 0.02 2θ degrees, and step time of 1 s, employing a Cu Kα radiation and multistrip 

LYNXEYE SSD160 detector. 

Thermal stability was evaluated using thermogravimetric analysis (TGA) under N2 (inert gas) in a 

Mettler Toledo TGA apparatus. 10 mg PIR foam sample was placed in an alumina pan with no lid 

[23]. The heating rate was 20oC/min with a N2 flow of 150 ml/min. The following parameters were 

determined: initial degradation temperature, temperature at 5% weight loss (T5%), the weight, W, at the 

maximum weight loss rate and corresponding maximum temperature, Tmax, for each degradation step 

and char residue up to 1000oC. Dual replicates were used to check the repeatability of the results. 

Cone calorimeter (CC) tests were performed with a Dark Star Research Ltd (UK) apparatus according 

to the ISO 5660-1 [24]. The size of the sample for the cone calorimeter tests was 100 mm x 100 mm x 

24 mm. The sample thickness (24mm) was chosen based on a preliminary study using samples with 

different thickness (6, 12 and 24mm). The samples were horizontally placed in a 106 mm x 106 mmx 

26 mm stainless steel metal holder with 2.4 mm thickness. At least two repeatability tests were 

performed for each specimen. The interior surface was insulated with 2 sheets of 3 mm thick high 

temperature vitreous wool Insulfrax® Paper, with a nominal density of 150 kg/m3 and conductivity of 

0.098 W/mK at 400oC, coated with 0.07 mm AT502 30 Micron aluminium foil tape, Category 1 

according to BS476 Part 6 and 7 [25, 26]. All samples were conditioned before testing according to 

ISO 554 [27] at a temperature of 23oC+/-2oC and at a relative humidity of 50%+/-5%. The exposed 

surface of the samples was carefully insulated before exposure in order to avoid preheating of the 

sample. Melting and dripping aspects were not investigated in the current work. Experimental results 

include time to ignition (TTI), Combustion Time (CT), total HRR (THR), peak HRR (p-HHR), average 

HRR (Av-HRR), average mass loss rate (Av-MLR), smoke production rate (SPR), smoke and CO 

yield. Additionally, temperature of the unexposed surface was measured using a 1mm type-K shielded 

thermocouple placed at the back of the specimen. Two digital cameras were positioned facing the front 
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and side of the test apparatus to record observations regarding specimen burning and smoke colour. 

The uncertainty of the measurements complies to ISO 5660. The holder was adequate to support the 

edges of the samples in the initial burning stages and thus no additional retainer frame was used to 

prevent samples deformation. For several samples, significant glowing was observed after flameout. 

For both TGA and CC, dual replicates were used to check the repeatability of the results and since 

results were reproducible, the values presented in this work is the value for one of the tests. 

Fourier transform diffuse reflectance infrared spectroscopy (DRIFT), was performed for charred 

samples [28] using a Bruker spectrometer in the range 400–4000 cm-1 with a resolution of 4 cm-1. The 

charred samples were collected from burnt samples after CC tests. 1.5 mg from each charred sample 

was grounded with 300 mg of KBr to form pellets. The scanner velocity was set to 10 Hz and 64 scans 

were used to obtain spectra with good signal-to-noise ratios. Samples were loaded into the DRIFT cups 

and their surface was levelled with a slide. The intensity of the infrared peaks was expressed in 

Kubelka–Munk units. Rubberband Correction method was used for the baseline correction and the 

data were normalized using the peak absorbance of each spectrum and then assigned to vibrations of 

certain functional groups, as commonly used for char characterisation [29].  

2.2 Samples preparation 

PIR foams are part of the polyurethane rigid foam family and their main characteristic is that they 

contain a high percentage of cyclic isocyanurate chemical linkages and use of polyester polyol instead 

of the standard polyether polyol used in polyurethanes. PIR samples with a constant isocyanate index 

(NCO/OH) of 3.0 were obtained from lab-scale prototyping experiments conducted at SELENA Labs. 

Samples were produced by high pressure impingement mixing type of foam machinery, operating at 

constant processing parameters. Initial premixing of the main components of the polyol blend 

including polyol, catalysts, stabilizer and methylal blowing agent, was performed for 2-3 min at 1500 

rpm. This polyol mix was then mixed with fillers for 5 min at 2500 rpm. The required amounts of 

isocyanate, methylene diphenyl diisocyanate (MDI), were finally poured into the mixture and stirred 

for 10 s at a constant speed. Three new types of PIR foams samples with ecofriendly and soft chemical 

synthesis layered fillers with high purity metal salts (e.g. Mg and Al) MgAlCO3 (LDH1), MgAl 

Stearate (LDH2) and Zirconium Phosphate octadecylamine (ZrP3) were tested. Tested mixtures will 

be referred to as PIR, PIR-MgAlCO3 (PIR-LDH1), PIR-MgAl Stearate (PIR-LDH2), and Zirconium 

Phosphate PIR-ZrP octadecylamine (PIR-ZrP3). Research on ZrP, MgAlCO3, MgAl and other types 

of LDH fillers revealed that their incorporation in polyurethane composites in a range of concentrations 

from 0.5% to 8% [3,4, 10, 11], improved their thermal properties [3], flame retardancy [4] resulting in 

decreased HRR [11]. Three concentrations of each filler in each of the samples were examined, i.e., 2, 
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4 and 6 % by weight. The density of the samples did not significantly change when the fillers are added 

as shown in Table 1. For simplicity, the three different samples of PIR-LDH1 will be referred to as 

PIR-2%LDH1, PIR-4%LDH1 and PIR-6%LDH1 and similarly for the PIR-LDH2 and PIR-ZrP3 

mixtures. In total, nine different FRs-containing formulations were prepared, investigated and assessed 

against pure PIR samples. 

2.3 Structural characterization of nanocomposite fillers 

LDH1, LDH2 and ZrP3 are organically modified layered nanocomposite fillers, in which organic 

modification acts also as a compatibilizer between the filler and polymer matrix. The origin of their 

increased flame retardancy and smoke suppression properties is derived from their unique chemical 

composition and layered structure [19]. The XRD pattern and surface morphologies at high 

magnification (1 μm) of the plain fillers are depicted in Figure 1. Diffraction peaks and broad 

asymmetric peaks at high 2θ angles in the XRD patterns of LDH1 are indicative of features of materials 

with layered structure [30, 31]. Sharp symmetric peaks at low angles were observed for LDH1, LDH2 

and ZrP3, which correspond to the basal reflection and higher harmonics [31]. Existence of strong 

intensity of reflections suggests that all fillers have well developed layer structure with good 

crystallinity. In LDH1, XRD data indicate the presence of carbonate as a Bragg diffraction peak 

appears at an angle of 11.6 degrees corresponding to d-spacing of 7.80 Å of the MgAl-carbonate [32]. 

The SEMs images in [31] also show that the LHD fillers in their virgin form are highly crystalline and 

monodispersive [31]. LDH1 morphology has a typical polygonal shape formed plate-like particles as 

observed by other researchers [31]. In both LDH1 and LDH2 samples, platelets overlap with each 

other and form big particles, resulting from the significant aggregation of small LDH particles [31]. 

The microstructure of ZrP3 reveals a more irregular plate-like geometry and thewith a structure of 

ZrP3 isthat builtbuilt up by packing layers of bonded zirconium atoms [33]. Final reacting mixtures 

were poured centrally into a horizontal 35cm x 35 cm x 5 cm mold, heated at 60°C, with steel facers 

attached to the bottom and the lid to complete the polymerization reaction.  

3. RESULTS AND DISCUSSION 

3.1 Morphological evaluation of virgin materials  

A morphological evaluation, in terms of regular and cellular structure, of the tested samples was 

performed by optical microscopy at 500 μm, as depicted in Figure 2. The results show that varying the 

filler concentration does not significantly alter the morphology of the samples. The average cell 

diameter of PIR, PIR-6% LDH1, PIR-6% LDH2 and PU-6% ZrP3 samples is 390 μm, 312 μm, 298 

μm and 242 μm respectively. The cellular morphology of PIR with fillers has not been substantially 
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changed in comparison to pure PIR samples and only PIR-6% ZrP3 samples have a decreased average 

cell diameter. 

Figure 3 shows the FESEM morphological evaluation of the above-mentioned samples along with the 

representative examples of respective EDX analysis in regions of the cell walls, which were used to 

verify the presence of the lamellar fillers in those regions. FESEM results showed that the addition of 

LDH fillers does not modify the cellular structure. There is no collapse or collision of the cellular 

structure and lamellar fillers are present in the walls of cells. All samples show a homogeneous cell 

structure and mainly closed cells indicating low water absorption, moisture permeability and thermal 

conductivity [42]. EDX data revealed the presence of Mg, Al, C, O and Cl elements for PIR-2%LDH1 

and PIR-2%LDH2 whereas Zr, C, O and Cl were identified in PIR-2%ZrP3. 

3.2 Thermogravimetric analysis (TGA) 

Several studies [e.g., 2, 3, 4, 5, 34, 35] have established that thermal decomposition of polymeric foams 

is a complex process consistingconsists of numerous decomposition pathways that strongly depend on 

the reactivity of organic compounds employed in their synthesis. Studies [e.g., 36, 37] have shown that 

polyurethanes degradesdegrade in two or three steps and that the decomposition products are usually 

their precursor, such as isocyanate, amine, and hydroxyl compounds. 

Figure 4 presents the weight loss and weight loss rate of the samples investigated. It can be observed 

that the degradation of all PIR foams in inert atmosphere occurs in several steps. Thermogravimetric 

analysis results related to the degradation of all the PIR samples are summarized in Table 1. The first 

pyrolysis step, taking place from 200oC to 400oC, is identified as the main mass loss step [33]. The 

initial degradation temperature, T5%, is 255oC for pure PIR. Additional weight loss stage associated 

with water loss rising from physical absorbed water, crystal water and dehydroxylation of LDH1 and 

LDH2 have been observed for those samples between 130 and 240oC [4]. ZrP3 also undergoes a 

dehydration process with a maximum weight loss temperature at around 140oC [38]. At this stage 

weight loss is almost the same for all samples, corresponding to the amount of water present in the 

samples. 

The presence of LDH1, LDH2 and ZrP3 fillers causes distinct changes in the thermal decomposition 

in comparison to pure PIR foam. It can be seen from Table 1 that T5%  increases compared with pure 

PIR foam, indicating that incorporation of flame retardants decelerates the degradation of PIR foam 

and as a result increases the thermal stability of PIR foam. Maximum degradation rate temperature, 

Tmax,1, is however substantially decreased with the filler addition;  and only in PIR-6%ZrP3 remains 

approximately the same.  
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This first step is related to the degradation of the urethane-urea linkages and polyol, releasing low 

calorific capacity products. R; residue weight values of this first reaction are denoted as W1. More 

specifically, this step is associated with the thermal degradation of the hard polyisocyanurate segment 

that is a depolycondensation process taking places at around 210 oC [23]. In PIR-LDH1 and PIR-LDH2 

samples of all concentrations, this step occurs earlier [31]. Even with the addition of only 2% of LDH2 

and ZrP3, this first decomposition stage is shifted to lower temperature ranges, the extent of weight 

loss decreases from 35.5% to about 22.5% to 25.8%.  

After the first polyisocyanurate decomposition stage, an additional weight loss is observed designated 

as Stage 2 in Table 1 for PIR-LDH1, PIR-LDH2 and PIR-ZrP3 samples of all concentrations. In PIR-

LDH1 and PIR-LDH2, this weight loss is associated with the decarbonization of the carbonate ions of 

the LDH1 that occur between 240oC and 460oC [31]. The weight loss between 409 oC and 482 oC in 

the PIR-ZrP3 samples are associated with the release of absorbed amines to the phosphate platelets 

[39]. 

The third stage corresponds to the PIR decomposition and is associated with the degradation of polyol 

derived products with higher calorific capacity than those derived from isocyanate [11] and lower 

residue weight, W3. This step associated with the degradation of the soft segment of the PIR foam, 

taking place between 400 and 600oC. For pure PIR samples the maximum rate degradation 

temperature, Tmax,3, is observed at 477oC with the final char residue of 19.5% of the initial mass. 

Comparatively, the residues of PIR-LDH1 and PIR-LDH2 are higher than those of pure PIR and PIR-

ZrP3 samples, indicating better thermal stability of those samples. This thermal stability is increased 

with an increasing filler content resulting in increased char formation.  

3.3 Cone Calorimeter (CC) analysis 

3.3 Cone Calorimeter (CC) analysis 

In determining the optimal sample thickness for the cone calorimeter tests, tests were conducted for 

pure PIR samples with different sample thicknesses (6, 12 and 24 mm) and at different heat fluxes (20, 

30, 40 and 50 kW/m2). Based on previous research results [40, 41] and the fact that this thickness more 

favorably corresponds to end-use products conditions, 24 mm samples were selected for testing. 

Comparisons of the transient HRR and the unexposed side temperature histories are depicted in Figure 

5 for samples with different thicknesses.  The HRR curves for the 6 mm samples have one single peak 

and are closer to symmetrical one step curves [40] corresponding to thermally thin HRR curves [41]. 

With increasing sample thickness, HRR curves correspond to thermally thick conditions with an initial 

peak prior to charring and one at the end of burning due to the heat reaching the back of the sample 

[41]. Based on these results and the fact that this thickness also more favorably corresponds to end-use 
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products conditions, 24 mm samples were selected for the parametric evaluation of the effects of smart 

fillers on the burning behaviour of PIR.  

Preliminary tests were conducted for 6% of LDH1, LDH2 and ZrP3 at four different heat fluxes, 

namely 20, 30, 40 and 50 kW/m2 and a comparison of the HRR histories is depicted in Figure 65. It 

can be observed that the trends of the HRR profiles are similar at different heat fluxes demonstrating 

that the fire retardancy of the fillers is consistent. Subsequently, all formulations were tested at one 

low heat flux, 20 kW/m2, and one high heat flux, 50 kW/m2, which approximately correspond to 

different fire scenarios, namely developing and fully developed fire respectively. Table 2 summarizes 

the flammability and smoke emission behaviour of all the samples. As shown in Table 2, almost all 

samples ignited instantly at 50 kW/m2, whereas at 20 kW/m2, some FRs-containing formulations didn’t 

ignite indicating improved fire performance. Figures 7 6 and 8 show comparisons of the HRR and 

smoke production rate (SPR) histories. After ignitions, PIR foams started to char and a two-peak HRR 

curve was observed at both 20 kW/m2 and 50 kW/m2. The first p-HRR of neat PIR is highest among 

all formulations at both heat fluxes exceeding 150 and 250 kW/m2 at 20 and 50 kW/m2 respectively. 

The second p-HRR of neat PIR associated with the crack formation in the char layer and the fact that 

heat has reached the back of the sample is less intense. The water and carbon dioxide released dilute 

combustion gases and reduces endothermic decomposition of metal hydroxides absorbing substantial 

amounts of heat thus promoting the formation of an expanded carbonaceous coating or char on the 

polymer [19, 20]. This latter inorganic-reinforced carbonaceous residue impedes the burning process 

by thermally protecting the bulk underlying polymer from being exposed to air, suppress smoke 

production due to suffocation [20] and slows down the combustion process [10, 12].  

The presence of layered fillers contributed to a considerable decrease of the HRR and SPR, similar the 

observationsas also observed by Gomez-Fernandez et al. [11], demonstrating the beneficial effect of 

the addition of layered fillers for in fire performance. The decrease in the second peak of HRR is more 

pronounced, achieving a reduction of up to 40% of peak HRR for PIR-2%ZrP3. PIR-4%ZrP3 results 

in higher char residue, as the surface char layer reduced both the oxygen and heat fluxes towards the 

polymer surface thus limiting the volatile compounds [41]. These results are consistent with the 

previous findings that of the LDH1, LDH2 and ZrP3 fillers’ capacity to reduce the rate of combustion 

rate [37] and flame retardancy properties of polymers [42, 43]. It can also be observed that both theIt 

is observed that with ZrP3 fillers, THR and  peak HRR, dec and SPR decrease with an increase in 

thedecreasing filler concentration. Under increased heat flux exposure, the maximum decrease in the 

p-HRR, 59%, was achieved with PIR-2%ZrP3 samples; also, CO and CO2 yields are significantly low. 

 because the formation of a stronger char as shown in char residue analysis in the next section. It is 

important to note that even the addition of reduced amounts of LDH2 fillers in virgin polymeric 
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materials can greatly affect their burning behaviour as both PIR-2%LDH2 and PIR-4%LDH2 did not 

achieve ignition at 20 kW/m2. The great versatility in the behaviour of the PIR-LDH2 samples under 

lower heat exposure means that there must be an optimum concentration of LDH2 to be tuned with the 

structure of the PIR. Authors believe that this concentration could less than 6% it was resulted that 

PIR-2%LDH2 and PIR-4%LDH2 outperformed PIR-6%LDH2 under all heat exposures. Among all 

the formulations, PIR-6%ZrP3 has the best fire performance as it did not ignite until 50 kW/m2, as 

depicted in Figure 65. 

3.4 Post-burning characterization and morphological evaluation of residual materials 

3.4 Post-burning characterization and morphological evaluation of residual materials 

Figure 7 shows a comparison of the char residuals of all samples after the CC tests. There is 

considerable difference in the appearance depending upon the additives, especially at the higher heat 

flux, 50kW/m2, at which random deformation of the samples was observed, e.g., folding of the edges 

or rolling of the sample from the edges. An effective fire-retardant is the one that forms quickly, denser, 

thicker, and/or less cracked residues, and these qualities are indicative of good flame retardancy for a 

coated polymeric material [44]. As can be seen in Figure 7, the presence of fillers promotes the 

formation of a more rigid and hardened residual char layer. For pure PIR samples, Figure 7 (a) and 

(e), black smoke was observed during combustion and the residual char was brittle, with non-uniform 

distribution and its upper layer surface was detached and exfoliated. After exposure at lower heat flux, 

residual char from PIR-6%LDH2, Figure 7 (c), and PIR-2%LDH3, Figure 7 (d), had a very 

distinctive appearance which was intact and spongy; those samples did not ignite but substantial white 

smoke was observed. Under the lower heat flux level, the increased quality of the char layer formed in 

samples PIR-LDH2 and PIR-ZrP3 prevented the diffusion of volatiles and oxygen to the pyrolysis 

zone and averting the combustion front expanding in the whole depth of the samples, clearly 

demonstrating the improvement of their flame retardancy properties, in accordance with relevant 

literature for PUF samples with ZrP fillers [43]. Under higher heat fluxes, samples were deformed, 

Figure 7 (f) and (g), and in PIR-ZrP3, Figure 7 (h), several cracks were formed in the exposed char 

layer arising from the stresses produced by heating. It can also be noted in Table 2 that the smoke and 

CO yields from all filler-containing materials are similar to those of pure PIR, which is not surprising 

since these fillers mainly act in the solid phase [45]. This is further confirmed by the total heat released 

(THR) data as all samples have very close values at 50 kW/m2. It is worth noting that THR values at 

20 kW/m2 are generally significantly less than that at 50 kW/m2 indicating that the heat flux is too low 

to sustain the pyrolysis and burning of the polymer especially after the formation of the char layer.  
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Figure 8 presents a comparison of the DRIFT spectra of the char residues of PIR, PIR-6%LDH1, 

PIR-6%LDH2 and PU-6%ZrP3 after tests at 50kW/m2. Several distinct absorption peaks were found 

and the assignments for every band of the char spectra are shown in Table 3; associated data in [28], 

[29], [46], and [47] are also included for unburnt PIR samples. The peak separation and quantitative 

calculation were performed using Origin 8.0 and OPUS 7.2 (BRUKER) software. In all PIR char 

samples tested, the thermal degradation is associated with the dissociation of the urethane segment to 

primary and secondary amine, olefin and carbon dioxide (associated with the breakage of the bonds in 

the hard segment) [23]. Characteristic intense and wide peaks at 3200-3450 cm-1, 2800-3000 cm-1 to 

1050-1124 cm-1, observed for all charred samples, can be respectively associated with N-H stretching, 

aromatic C-H stretching and C-O stretching vibrations [28], [47]. The presence of carbonyl signal at 

1724 cm-1 in PIR and PIR-6%LDH1 spectrums illustrates the presence of urethane indicating that 

polyurethane was not completely degraded.  

The morphology of the charred samples was determined using a field emission SEM for samples taken 

from the CC char residues after exposure at 50 kW/m2. From the photos taken for the pure PIR sample, 

displayed in Figure9 (a)-(c), we can observe that an open cell polyhedral structure is 

dominant, with the cells being severely broken. In contrast, the PIR-6%LDH1 sample, Figure 9 (d)-

(f), presents great difference in the cellular structure as the permeable nature of the sample, which is 

extremely loose, indicating it may not act adequately as a flame shield. The white amorphous regions 

that are scattered across the photograph are probably residual fillers. Increased porosity levels can be 

observed for PIR-6%LDH2, Figure 9 (g)-(i), and the white amorphous regions are increased. In 

comparison with previous samples, a more compact and tight structure can be observed for PIR-

6%ZrP3, Figure 9 (j)-(l), with lower levels of porosity indicating it may act as a more adequate 

flame shield. This agrees with the finding in [48, 49] that 𝛼-ZrP can lead to the formation of ceramic-

like material with a homogeneous surface that can protect the main material throughout combustion 

and act towards formatting a mechanical reinforced charred layer. 

 

3.5 Overview of Flame retardancy of LDH1, LDH2 and ZrP3 additives in on PIR flame retardancy 

Figure 12 represents a graphical illustration of the flame retardancy of LDH1, LDH2 and ZrP3 

additives in PIR as presented in previous sections. As it was revealed andIn the condensed phase  in 

accordance to research findings [3, 4, 10], char layer formation plays an important role in restraining 

the heat penetration and the intrusion of oxygen, thus protecting the underlying PIR matrix. As revealed 

from the the CC and TGA resultsanalysis, LDH1, LDH2 and ZrP3 nanofillers increase thermal stability 

implying superior barrier properties [50, 51]. Tthe protective char layer formed in the presence of  

LDH1, LDH2 and ZrP3 nanofillers was found to reduce PIRs thermal degradation of PIR,  and as a 
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result decreases the heat release rate and the formation of toxic gases. CC and morphological analysis 

revealed that increased concentration of ZrP3 resulted in more compact and tight char structures that 

could absorb greater amounts of energy and more efficiently shield the rest of the PIR.the protective 

char layer reduces thermal degradation of PIR and as a result decreases the heat release rate and the 

formation of toxic gases. As depicted in Figure 12, LDH1, LDH2 and ZrP3 nanofillers act as barriers 

preventing pyrolysis gases to move towards the exposed to fire surface [50, 51]. The decomposition 

of the intercalated anions and metal hydroxide produces water vapour and other gases, e.g. CO2. This 

ultimate fire retardancy is turning PIR into a protection strong barrier char layer, especially in the case 

of PIR-6%ZrP3 as revealed by the morphological evaluation of the char samples, which absorbs energy 

and shields the rest of the PIR from radiation by reflecting heat.   

The decomposition of the intercalated anions and metal hydroxide produces water vapour and other 

gases, e.g. CO2.In the gas phase, aAs revealed by the TGA analysis, degradation of the urethane-urea 

and polyol of PIR results in the release of low calorific capacity products. In addition to that, during 

thermal decomposition, LDH1 and , LDH2 and ZrP3 fillers lose their intercalated anions and metal 

hydroxide thus producing water vapour and other gases, e.g. CO2 lose the interlayer water at 130-

240oC. ZrP3 fillers release the absorbed amines to the phosphate platelets.  Those released gases and 

water vapour act strongly in the gaseous phase in suppressing combustion will eventually reduce the 

availability of combustible fuel vapours resulting in decreased HRR and promoting the formation of 

formatted more condensed char structures [15].  

CONCLUSIONS 

CONCLUSIONS 

CONCLUSIONS 

 

6.4.CONCLUSIONS 

This study evaluates the fire behaviour of PIR samples enhanced with lamellar inorganic fillers (PIR-

MgAlCO3 (PIR-LDH1), PIR-MgAl Stearate (PIR-LDH2), and Zirconium Phosphate PIR-ZrP 

octadecylamine (PIR-ZrP3), as well as their post-burning characterization and morphological 

evaluation of residual materials. The morphology and elemental analysis of the LDH fillers and PIR 

samples was conducted using FESEM, XRD and EDX. FESEM images of the LDH fillers in their 

virgin form revealed that they were highly crystalline and monodispersive. Morphological evaluation 

of the virgin samples showed a homogeneous cell structure and mainly closed cells indicating low 

water absorption, moisture permeability and thermal conductivity. EDX data of virgin samples 
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revealed the presence of Mg, Al, C, O and Cl elements for PIR-2%LDH1and PIR-2%LDH2 whereas 

Zr, C, O and Cl were identified in PIR-2%ZrP3. 

TGA and CC analyses showed that layered fillers promoted the formation of a reinforced char layer, 

e.g. from 19.5% in pure PIR to 33% in PIR-6%LDH1 in TGA, providing an effective barrier against 

heat and oxygen and release of noncombustible gases, whereas at the same time effectively suppressing 

smoke and gases during the combustion process. PIR-ZrP3 samples have the highest char residue and 

lowest p-HRR values. The CC results revealed that the use of different type of layered fillers do not 

lead to increased smoke or CO production. Increasing filler content resulted in augmented char 

formation for all samples and decreased p-HRR. Samples post-burning characterisation consistently 

suggested that fire resistance of PIR-ZrP3 samples was increased. At lower heat flux in CC analysis, 

PIR samples with fillers did not ignite and even in the case they did, PIR-2%LDH2, PIR-2%LDH2 

and PIR-6%ZrP3, combustion and smoke production were very limited. At the higher heat flux, the 

percentage of char residue was increased with an increase in the filler concentration, and emission of 

toxic substances was decreased as a more compact char was formed, as revealed from the post burning 

characterisation analysis from FESEM and DRIFT experiments. Based on the experimental 

measurements flame retardancy of LDH1, LDH2 and ZrP3 additives on PIR samples has been 

analysed. 

Further analysis at different heating rates under both oxygen and inert atmospheres will be the focus 

of future work with a view of deriving a kinetic model to simulate the pyrolysis degradation mechanism 

of PIR-layered filler foams and oxidation of the char residue. Further assessment in terms of FTIR-

evolved gas analysis is currently planned in order to gain more information regarding the nature of the 

released gases under various heating conditions. Additional combination of different layered fillers 

and concentrations will be investigated in the future to further tune the fire resistance properties of PIR 

nanocomposites. The wealth of information provided can be used for further development and 

evaluation of thermal numerical models capable to accurately predict insulation materials behaviour 

under fire conditions that can be used in the frame of performance-based design. 
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NOMENCLATURE  

 

Symbol Units Description 

T5% (oC) Temperature at 5% weight loss  

Tmax (oC) Temperature at maximum weight loss  

W (mg) Weight  

Acronyms 

CC Cone calorimeter 

CT Combustion time 

DRIFT Diffuse reflectance infrared spectroscopy 

EDX Energy dispersive X-ray 

FESEM Field emission scanning electron microscope 

HRR Heat release rate 

LDHs Layer Double Hydroxides 

MDI Methylene diphenyl diisocyanate 

MLR Mass loss rate 

MMT Montmorillonite clay 

NCO/OH Isocyanate index 

PIR Polyisocyanurate 

PUF Polyurethane foam 

TGA Thermogravimetric 

THR Total heat release 

RPUF Rigid PUF 

SPR Smoke production rate 

THR Total heat release 

TTI Time to ignition 

XRD X-ray diffraction 
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FIGURE CAPTIONS 

Figure 1: FESEM morphological evaluation (white scale bar indicates 1μm) of neat fillers (left) and 

their XRD spectra (right) of LDH1 (a), LDH2 (b) and ZrP3 (c). 

 

Figure 2: Morphological evaluation (black scale bar indicates 500 μm) pure PIR (a), PIR-LDH1 (b), 

PIR-LDH2 (c) and PU-ZrP3 (d). 

 

Figure 3: FESEM images (100μm scale) with EDX of pure PIR (a), PIR-LDH1 (b), PIR-LDH2 (c) 

and PU-ZrP3 (d). 

 

Figure 4: TG (left) and DTG (right) of pure PIR, PIR-LDH1, PIR-LDH2 and PIR-ZrP3 in N2 

atmosphere.

 

 

 

 

Figure 5: Heat release rates of pure PIR, PIR-6%LDH1, PIR-6%LDH2 and PU-6%ZrP3 at different 

heat fluxes.   

 

Figure 6: Heat release rates of pure PIR, PIR-LDH1, PIR-LDH2 and PU-ZrP3 for 20 kW/m2 (top) 

and 50 kW/m2 (bottom).   

 

Figure 8: Smoke production rates of pure PIR, PIR-LDH1, PIR-LDH2 and PU-ZrP3 for 20 kW/m2 

(left) and 50 kW/m2 (right). 

 

Figure 7: Residual char digital photos of (a) and (e) PIR, (b) and (f) PIR-6%LDH1, (c) and (g) 

PIR-6%LDH2, (d) and (h) PIR-6%ZrP3 charred samples after the CC testing at 20 kW/m2, (a)-(d), 

and 50 kW/m2, (e)-(h).  

 

Formatted: Caption, Justified, Line spacing:  1.5 lines



21 

 

Figure 8. Comparison of the DRIFT spectra of PIR, PIR-6%LDH1, PIR-6%LDH2 and PU-6%ZrP3 

char samples.   

 

Figure 9. FESEM images of (a)-(c) PIR, (d)-(f) PIR-6%LDH1, (g)-(i) PIR-6%LDH2 and (j)-(l) PIR-

6%ZrP3 charred samples (black scale bar indicates 500 μm and white 1 μm).

 

Figure 12. Diagrammatic illustration of the flame-retardancy of LDH1, LDH2 and ZrP3 in PIR. 
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TABLES CAPTIONS 

Table 1. TGA data of pure PIR, PIR-LDH1, PIR-LDH2 and PIR-ZrP3. 

 

Table 2. Flammability and smoke emission behavior of pure PIR, PIR-LDH1, PIR-LDH2 and PIR-

ZrP3 samples. 

 

Table 3. DRIFT band assignment to functional groups. 

 


