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Durable graphite oxide nanocoating for high performing flame 
retarded foams 
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A B S T R A C T   

Recent developments in the design of water-based coatings encompassing platelet-like nanoparticles have clearly 
demonstrated the flame retardant potential of this approach for open cell flexible foams. However, the relatively 
high number of deposition steps required and the limited reports on the durability of the deposited coatings to 
multiple compression cycles currently represent the main constraints to this approach. This paper addresses these 
limitations by exploiting a few steps deposition procedure to produce coatings with durable flame retardant 
properties. Graphite oxide, sodium alginate and sodium hexametaphosphate were combined in a continuous 
protective coating that extends to the complex three-dimensional structure of the foam. The flame retardant 
properties of the coatings were evaluated before and after 1000 compression cycles. Even after such multiple 
deformations, the coated foams showed no melt dripping and self-extinguishment during flammability tests, as 
well as a highly reduced heat release rates (-70%) and total smoke release (-70%) during cone calorimetry tests. 
Furthermore, the ability to withstand the penetration of an impinging flame focused on one side of the coated 
foam for more than 5 min was also maintained. These results clearly demonstrate the durability of the coated 
foams, opening to real life application fields such as transports seats where high levels of flame retardancy must 
be maintained for long time under frequent mechanical stress.   

1. Introduction 

Open cell polyurethane foams (PU) are widely used in our everyday 
life as acoustic panel or as main constituent in upholstered furniture. 
Indeed, through time, PU foams have been employed as padding for 
seats in transports due to their light weight, affordable cost, easy pro
cessability and handling. When employed in seats the function of the PU 
is to comfortably support the body in static and dynamic conditions by 
distributing the pression on the cushion and reducing vibrations, 
ensuring not only a high level of comfort but also safety and protection 
[1]. 

The use of PU foams has been favoured through time because they 
offer a good compromise between market needs and properties that they 
are able to guarantee over time. Unfortunately, PU are highly flammable 
and can be easily ignited by a small flame or heat flux quickly leading to 
a dramatic fire scenario [2,3]. The surface approach to flame retardancy 
has been recently proposed as a valuable solution capable of efficiently 
tackle this problem. This approach aims at depositing a functional 
nanostructured coating on the 3D structure of the foams by direct 

impregnation in water-based solution/dispersions of FR chemicals [4]. 
The most exploited technique to accomplish such coatings is the Layer 
by Layer assembly (LbL). The LbL is based on the alternate adsorption of 
oppositely charged polyelectrolytes/nanoparticles by means of a 
multi-step approach [5–7]. The thickness and properties of the deposited 
coatings can be modulated by tuning the number of deposition steps, the 
process parameters and the chemistry of the selected components, 
making this technique very versatile [8–11]. Moreover, the use of water 
as solvent and the very low concentrations employed make this tech
nique very attractive as an environmentally friendly process. As far as 
the use of LbL coatings for PU flame retardancy purposes is concerned, 
one of the most successful and employed strategy relies on the use of 
plate-like nano-particles (such as montmorillonite and vermiculite) in 
combination with a polyelectrolyte matrix. Indeed, the particles high 
aspect ratios and their inherent thermal stability have been demon
strated to yield coatings capable of shielding heat and reducing volatile 
release during combustion with strong FR effects [12–14]. Similarly, LbL 
structures comprising a positively charged polyelectrolytes and high 
aspect ratio graphene oxide platelets have been also assembled as flame 
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retardant coating on open cell PU foams. It has been demonstrated that a 
3 bi-layer (BL) assembly can easily prevent the collapsing of the foam 
structure during combustion thus suppressing the melt dripping typical 
of PU foams while also considerably reducing the rate of combustion 
[15]. A 6 BL coating has been found capable of limiting the ignitability 
of the foams when tested by cone calorimetry. The inclusion of a 
phosphate salt within the coating allowed for a further improvement in 
the FR properties by reducing to 3 the number of BL needed to observe a 
non-ignitability behaviour [16]. The effects of plate-like particles of 
different dimensions has been recently investigated highlighting how 
the FR performances of the coatings are strongly dependant on their 
lateral size [17,18]. Indeed, high aspect ratio nanoplates can overlap 
more efficiently with respect to low aspect ratio ones and thus can 
produce a more effective barrier to volatiles and heat [18–21]. Although 
the use of high aspect ratio nanoparticles is capable of considerably 
improving the efficiency of the achieved FR coatings, these coatings still 
suffer from limited up-scalability due to the mandatory multi-step na
ture of the process. In order to address this latter constraint, few-steps 
and single-step deposition procedures have recently attracted great in
terest [22,23]. These approaches try to mimic the layered structure that 
is normally achieved in LbL assemblies by depositing the functional 
coating constituents with a limited number of steps. For example, 
nacre-like structures comprising platelet-like particles and a poly
electrolyte binder have been deposited on PU foams achieving FR results 
comparable to LbL coatings [24,25]. Nevertheless, beside some pre
liminary studies [12], there is limited knowledge on the actual dura
bility of such surface FR solutions in relation to real application of PU 
foams as cushioning solutions in transportation or upholstered furniture. 
Such applications would indeed require the foam and its surface treat
ment to withstand numerous compression cycles while maintaining a 
good level of fire protection [17]. 

To address these limitations, in this work we evaluate the durability 
of the FR performances conferred to PU foams by a water-based FR 
coating obtained by a few-step deposition approach, recently developed 
by our research group [26]. Graphite oxide nanoplates (GO), sodium 
alginate (SA) and sodium hexametaphosphate salt (SHMP) are selected 
as constituents for the functional FR coating (Fig. 1). 

In the coating composition high aspect ratio GO acts as bricks, which 
favourable in plane orientation helps in producing a functional barrier 
during combustion [27]. SA, a water-soluble natural polysaccharide 
extracted from brown algae, is employed as the continuous matrix [28]. 
SHMP is employed as char promoter for SA [29,30]. The coating 
morphology has been evaluated by SEM. Reaction to fire and resistance 
to fire properties have been evaluated by flammability, cone calorimetry 

and flame penetration tests. These characterizations have been per
formed on the coated foams before and after 200 and 1000 compression 
cycles in order to evaluate the durability of the flame retardant prop
erties to multiple deformations. 

2. Materials and method 

2.1. Materials 

PU foams with density 20 kg/m3 and thickness of 60 mm were 
purchased from a local warehouse. 1 wt% graphite oxide (GO) suspen
sions were purchased by Avanzare Innovacion Tecnologica S.L (Nav
arrete, La Rioja, Spain), polyacrylic acid (PAA, solution average Mw 
~100,000, 35 wt.-% in H2O), polydiallylammonium chloride (PDAC, 
average Mw 400,000–500,000, 20 wt% in H2O), sodium hexameta
phosphate (SHMP) and sodium alginate (SA, powder) were purchased 
from Sigma-Aldrich S.r.l. (Milano, Italy). Solutions and suspensions 
employed in this work were prepared using ultrapure water having a 
resistance of 18.2 MΩ, supplied by a Q20 Millipore system (Milano, 
Italy). A 2wt% suspension of GO/SA/SHMP was prepared with a weight 
ratio of 1wt% GO:0.1%wt SA:1wt%SHMP of solid. 

2.2. Coating deposition 

Prior the deposition, PU foams were washed with ultrapure water 
and dried at 80 ◦C in a ventilated oven. The PU surface was activated by 
the deposition of a PAA/PDAC bi-layer in order to enable the deposition 
of the selected GO/SA/SHMP components that bear negative charges. 
PAA was used as first anchoring layer due to its ability to form hydrogen 
bonds with PU urethanes functional groups. 

Then, PDAC is deposited on PAA by electrostatic interactions 
yielding a strong positive electrostatic charge and thus preparing the 
surface for the subsequent adsorption of GO/SA/SHMP. In details, the 
PU foams were dipped in the 1 wt% PAA solution for 10 min. During this 
step, the foams were squeezed several times to completely fill the foam 
volume with the solution. The foams were washed by squeezing in water 
to remove the excess polyelectrolyte. The same procedure was then 
employed for the subsequent PDAC layer, which produces a positively 
charged surface. After the deposition of the PAA/PDAC bilayer, the wet 
foams were transferred into aluminium molds fitting the foam di
mensions (either 100 × 100 × 60 mm3 or 150 × 50 × 60 mm3). The GO/ 
SA/SHMP suspension was poured on the top of the foam (150 ml of 
suspension for every 50 × 50 × 60 mm3 of sample) completely filling the 
volume available. During this step the GO/SA/SHMP suspension can 

Fig. 1. Schematic representation of the deposition procedure adopted in this work.  
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easily impregnate the PU structure thanks to the pre-existing PAA/PDAC 
wet layer. Once fully impregnated the foams were also gently squeezed 
in order to remove trapped air. The so-treated foams were then dried to 
constant weight in a ventilated oven at 80 ◦C for at least 48 h. The final 
add-on was found to be 113 ± 8% with a density of 44±1 kg/m3. In the 
following, treated PU are labelled as PU GO. A number is added (PU 
GOn) to point out whether the sample has been subjected to compres
sion cycles: for example, PU GO200 indicates that the coated foam has 
been subjected to 200 compression cycles. 

2.3. Characterization 

The surface morphology was investigated by Field Emission Scan
ning Electron Microscopy (FESEM, Zeiss Merlin 4248, beam voltage: 5 
kV). Samples were cut, pinned up on conductive adhesive tapes and 
chromium coated prior to FESEM observations. Mechanical properties 
were investigated in compression mode on 100 × 100 × 60 mm3 sample 
using an INSTRON 5956 equipped with a Foam fixture 10 kN (ASTM 
3574) plate following the DIN EN ISO 2439 normative (the fourth 
compression cycle is considered as representative of the foam initial 
mechanical properties). The durability of the coating was assessed by 
performing sets of 200 compression cycles (60% compressive strain, 
100 mm/min compression rate) up to a total of 1000, on foam slabs with 
dimensions of either 100 × 100 × 60 mm3 or 150 × 50 × 60 mm3. After 
200 and 1000 compression cycles, the slabs were cut to obtain the 
required number of specimens having dimensions needed for each 
functional characterization. Flammability tests were performed in hor
izontal configuration following the UL 94 –HF ASTM D 4986 standard, 
equivalent to ISO 9772 standard, by applying a 70 mm methane flame 
for 60 s on the short side of samples (50 × 150 × 13 mm3). The test was 
repeated 4 times for each of the PU GOn and results averaged. During 
the tests, parameters such as self-extinguishment, final residue and 
formation of incandescent droplets of molten polymer were evaluated. 
Cone calorimetry (Noselab ATS, Nova Milanese (MB), Italy) was 
employed in order to investigate the combustion behaviour. Square 
planar samples (100 × 100 × 20 mm3) were analysed under 25 kW/m2 

irradiative heat flux according to the ISO 5660 standard. Measurements 
were performed in quadruplicate for each PU GOn evaluating Time to 
Ignition (TTI), Peak of Heat Release Rate (pkHRR), average Heat Release 
Rate (avHRR), Total Heat Release (THR), Total Smoke Release (TSR), 
Smoke Production Rate (SPR) and final residues. Flame penetration tests 
were performed to assess the resistance of coated samples to the pene
tration of a small flame generated from a butane flame torch (estimated 
power at maximum flow rate with premixed flame, 150 W). The test was 
carried out by placing square specimens (50 × 50 × 20 mm3) in a 
ceramic frame, held in vertical position. The torch, positioned at 100 
mm distance from the surface of the specimen, was applied continuously 
toward the specimen centre for 5 min. The temperature profiles on the 
front side surface (exposed to the flame) and on the back side of the 

specimen were measured by two thermocouples (stainless steel sheathed 
K-type; 1 mm diameter). The thermocouples were placed into contact 
with the specimen and fixed ensuring that no change in positioning 
occurs during the test. The test was duplicated for each different PU 
GOn. Post combustion residues were imaged by SEM (EVO 15, Zeiss, 
Germany, beam voltage 20 kV). Samples were mounted on a conductive 
tape in cross section and gold sputtered before measurements. 

3. Results and discussion 

3.1. Coating morphology 

The change in surface morphology after the deposition of the coating 
was investigated by SEM (Fig. 2). 

Neat PU shows the typical 3D structure of open cell foams where the 
cellular skeleton consists of struts and joints produced during the 
foaming process. High magnification micrographs point out a rather 
smooth surface with wrinkled edges. The deposition of the GO-based 
coating produces a continuous coating capable of conformally adapt 
to the native open 3D structure of the foam without occluding the open 
pores. This is achieved thanks to the favourable aspect ratio of the 
adopted GO that allows the nanoplates to bend around the edges and 
produces a thin compact coating where multiple plates overlap on top of 
each other maximizing surface coverage. 

3.2. Mechanical behaviour and morphological investigation 

The mechanical properties of the obtained samples were assessed by 
compression test. In addition, the coated foams were also subjected to 
1000 compression cycles in order to investigate the effects of a contin
uous cyclic deformation on the coating morphology and functional FR 
properties. Fig. 3 reports the collected stress/strain plots and FE-SEM 
images of the coated foam after 4, 200 and 1000 compression cycles. 

The untreated PU shows the typical 3 phase compressive/stress curve 
of an open cell foam (Fig. S1) [1]. [31], Below 10% compression the 
foam acts similarly to a linear elastic material corresponding to the 
reversible deformation of PU foam walls. Between 15 and 40% of 
compression the walls of the cellular structure undergo progressive 
buckling, eventually reaching a densification stage where the cell walls 
crush together and the compressive stress steeply increases. Upon 
unloading, the foam recovers its deformation producing a typical hys
teresis plot. This ability is partially maintained after 200 compression 
cycles as the initial portion of the loading curve is shifted to the right 
indicating a partial recovery of the deformation (Fig. S2). This, can be 
related to the employed deformation rate and the limited resting time 
between each loading/unloading cycle. 

The presence of the coating considerably changes the mechanical 
response of the foam, showing higher stress values, in the whole range of 
deformation, compared to the unmodified PU. 100 kPa are required to 

Fig. 2. Morphologies of PU foam before (a) and after (b) deposition (PU GO).  
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achieve a 60% compression on PU GO while only 6 kPa are needed to 
obtain the same deformation on PU. In addition to the obvious twofold 
increase in density, such strong increase in stress can be ascribed to the 
presence of GO nanoplates and the inherent stiffness of the coating that 
stems from the ionic interactions occurring at molecular scale [32]. This 
is in agreement with previous works where similar increases in stiffness 
were observed for PU foams coated by LbL assemblies encompassing 
nanoparticles [17,26]. Interestingly, the stress/strain plot still show an 
hysteresis loop thus suggesting that the ability to recover the deforma
tion is not prevented by the presence of the coating. When subjected to 
multiple compression cycles the coated foam hysteresis loop shows a 
partial recovery of the deformation as already observed for the neat PU 
(Fig. S2). The stiffness of the coated foam, evaluated as the stress at 40% 
strain, is reduced by 33% after 200 cycles and by 45% after 1000 cycles 
indicating that a minor reduction occurs over 800 compression cycles. 
This suggests that the coated foam would display a firm behaviour 
through the 1000 compression cycles thus falling within the range of 
denser flexible PU foams (e.g. 50–70 kg/m3). FESEM observations per
formed on coated samples compressed at different cycles allow for an 
evaluation of the coating structural integrity upon cyclic compression. 
Upon multiple deformation, cracks of different size are formed as the 
coating needs to comply with the collapsing structure of the PU foam 
(Fig. 3b, c and d). Interestingly, the formation of such cracks does not 
compromise the coating adhesion to foam as clearly visible in low 
magnification micrographs, where the continuity of the coating is 
clearly preserved (Fig. S2), evidencing no significant coating delami
nation. This can be ascribed to the deposited activation bilayer that 
promotes optimal bonding between the PU surface (by hydrogen bonds) 
and the deposited functional coating (by electrostatic interactions). 
Based on the FESEM evidences it is possible to hypothesize a mechanism 
where the cracks gradually growth during the first compression cycles 
eventually reaching a plateau after which no substantial increase occurs. 

3.3. Flame retardant characterization 

The coated foam reaction to the exposure to a flame and heat flux 
was evaluated by flammability test and cone calorimetry, respectively. 

Table 1 reports data from flammability tests performed on neat PU, 

PU GO, PU GO200 and PU GO1000. Fig. S3 collects pictures of obtained 
residue from PU GO, and PU GO1000. 

During the test the neat PU ignites during the 60 s flame application 
with the flame quickly spreading to the entire length of the sample. 
Incandescent melt droplets (igniting the dry cotton placed underneath 
the sample) are constantly produced as the advancing flame completely 
consumes the foam leaving no residue (Fig. S3). The deposition of GO/ 
SA/SHMP coating drastically changes the flammability behaviour of the 
PU foams that can easily withstand the 60 s flame application showing 
no flame spread. Once the methane flame is removed the coated samples 
show either a self-extinguish behaviour where a small flame remains 
confined for 23–26 s within 2 cm from the specimen edge before 
extinguishing or a non-igniting behaviour with the total absence of 
flame. The melt-dripping phenomenon is completely suppressed. Sur
prisingly, samples subjected to 200 and 1000 compressing cycles 
maintained the same performance of the uncompressed ones, within the 
experimental deviations of after flame time and residual mass. Cone 
calorimetry tests were performed to evaluate behaviour of untreated and 
treated foams when exposed to a heat flux commonly found in the early 
stage of a fire (25 kW/m2) [33]. Fig. 4 collects HRR, THR, SPR and TSR 
plots vs. time as well as histogram of the main parameters evaluated 
during the test (numerical values are collected in Table S1). 

During the test, the neat PU foam quickly ignite and its 3D structure 
collapses forming a low viscosity liquid and reaching the maximum HRR 
value. This behaviour is normally deemed dangerous as it has been 
correlated with an increase fire spread in real scenarios [2]. In strong 
contrast with the neat PU the coated foam shows a totally different 
burning behaviour. Indeed, the collapsing is prevented and HRR values 
remain extremely low, yielding a pkHRR of only 84 kW/m2 (i.e. a 71% 
reduction with respect to the uncoated foam). Smoke parameters are 
also reduced as demonstrated by a conspicuous reduction in TSR 
(− 70%). The residue collected at the end of the test displays the same 
structure and shape of the starting foam and accounts for 52% of its mass 
(Fig. S4). Compressed foams yielded pkHRR and TSR results similar to 
the uncompressed ones thus further demonstrating the durability of the 
deposited coating. THR values show a slight increase likely ascribed to 
the formation of cracks within the coating as reported in Fig. 3. Post 
combustion residue collected after cone calorimetry tests were analysed 

Fig. 3. Compression cycles performed on PU GO; cycles 4, 200 and 1000 (a), FE-SEM imagine of PU GO subjected to 4 (b), 200 (c) and 1000 (d) compression cycles.  

Table 1 
Comparison between flammability behaviour of neat PU and PU GO, PU GO200 and PU GO1000 treated samples.  

Sample Melt-dripping Self-extinguishment After flame time* Damaged length Residue ± σ [%] 

PU Yes No – – No 
PU GO No Yes (2 out of 4 showed no ignition) 25 ± 2 <2 cm 95 ± 2 
PU GO200 No Yes (3 out of 4 showed no ignition) 23 ± 1 <2 cm 96 ± 2 
PU GO1000 No Yes (2 out of 4 showed no ignition) 26 ± 5 <2 cm 93 ± 4  

* The time the flame persists after the removal of the ignition source. 
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by SEM. Collected micrographs are reported in Fig. 5. 
Low magnification micrographs clearly show the original 3D struc

ture of the as-prepared foams is preserved. It is worth noticing that, 
although the open cell structure is maintained after combustion, the 
resulting structure is extremely brittle, as testified by the presence of 
numerous debris and cracks. This is related to the formation of a hollow 
charred exoskeleton due to the almost complete pyrolysis of the PU 
during combustion. Such structure is mostly comprised by GO nano
plates held together by a carbonaceous char promoted by SHMP and is 
responsible for the observed impressive fire retardant properties dis
played by the treated PU foams. Indeed, the presence of such charred 
exoskeleton can exert a FR effect on different levels. On a macroscopic 
scale, it efficiently prevents foam collapsing during combustion with a 
direct effect on melt-dripping during flammability and the formation of 
the pool of polyols and the related steeply increase in HRR during cone 
calorimetry [34]. On a microscopic scale, the presence of highly orien
tated GO nanoplates embedded within a charred residue can efficiently 
hinder the release of PU decomposition products through a tortuous 
path mechanism and/or absorption [35]. This limits the rate of volatiles 
feeding the flame which consequently leads to a quick self-extinguishing 
mechanism as well as reduced heat release and smoke production rates 
as observed during flammability and cone calorimetry tests, 
respectively. 

3.4. Flame penetration tests 

In addition to the characterization of reaction to fire, resistance to 
fire was also assessed by means of flame penetration tests. During the 
test, the sample is placed in a ceramic frame and one side is exposed to a 
butane flame positioned at a fixed distance. Two thermocouples are 

employed to monitor the temperature on the exposed and unexposed 
sides of the samples. The occurrence of flame penetration and the time at 
which it occurs are monitored during the test. Fig. 6 reports the images 
of the uncoated and coated foams during the test and the temperature 
plots for each tested sample, whereas Fig. S5 shows pictures of samples 
cross-sections collected after the test. 

PU foams are not designed for resistance to fire test as testified by the 
nearly instantaneous failure of the untreated sample. Indeed, upon 
exposure to the flame torch the flame is immediately capable of piercing 
through the sample that is completely destroyed (Fig. 6a). Conversely, 
treated foams can withstand the penetration of the flame for the whole 
duration of the test as demonstrated by a stable temperature plateau 
established on the unexposed side of the foam after a reaching a 
maximum value recorded around 150 s. This latter phenomenon can be 
ascribed to foam/coating charring and oxidation processes occurring 
within the foam during the first minutes of flame application [36]. The 
temperature at the unexposed side of the samples is maintained below 
160 ◦C for all tested samples with slight improvements for PU GO200 
and PU GO1000. As observed for flammability and cone calorimetry 
tests PU GO200 and PU GO1000 maintain performances similar to PU 
GO thus highlighting how the extraordinary FR properties of this 
GO-based coating are durable to multiple compression cycles. 

4. Conclusions 

In this paper, graphite oxide-based coatings have been deposited on 
flexible open cell PU foams. The achieved flame retardant performances 
and their durability to multiple compression cycles has been thoroughly 
investigated. The deposition procedure yields a homogeneous coating 
on the complex 3D structure of the foam capable of increasing the foam 

Fig. 4. Cone Calorimetry test results of PU, PU GO, PU GO200, PU GO1000: (a). Heat release rate (HRR, empty symbol+solid line) vs time and total heat release vs 
time (THR, symbol+solid line), (b) smoke production rate (SPR, empty symbol+solid line) vs time and total smoke release vs time plots (TSR, symbol+solid line), (c) 
residues, peak of heat release rate (pkHRR), total heat release rate (THR) and total smoke release comparison of tested samples (TSR). 
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compressive strength while maintaining the ability of recovering the 
deformation typical of flexible foams even after 1000 compression cy
cles. The flame retardant characterization points out how the presence 
of the coating can easily suppress melt dripping and grant a self- 
extinguishing behaviour during flammability tests as well as consider
ably reduce the heat release rate (− 70% in pkHRR) and the total smoke 
release (− 70% in TSR) during cone calorimetry test. During flame 
penetration tests the coated foams managed to withstand the penetra
tion of an impinging flame (T on exposed surface ≈ 700 ◦C) while suc
cessfully shielding the opposite side for more than 5 min even. Such 
impressive flame retardant properties were totally maintained after 
1000 compression cycles, clearly demonstrating that the coating ability 
to deliver flame retardant effects is not compromised upon repeated 
deformations. The achieved results clearly support the potential use of 
these GO-based coatings as industrially viable, highly effective and 

durable flame retardant solution for practical applications where mul
tiple deformation cycles are foreseen during the foam lifespan. 

Compression tests of neat PU, low magnification micrographs of as 
prepared and compressed PU GO, snapshots of neat PU during flam
mability test and images of PU GO and PU GO1000 after the tests with 
marked damaged zone, images of cone calorimetry test residues, cone 
calorimetry test results and images of the residues collected after flame 
penetration are supplied as Supplementary material. 
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