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Abstract: The latex mattress is usually accompanied by fire risk due to its coating material and multi-layer structure. The
fire behaviors of multi-layer (with a total thickness of 5 cm) latex foam coated with different fabric layer under bottom
ventilation conditions were investigated experimentally. Experimental results showed that fabric coated on the surface of
the multi-layer sample could significantly affect the fire behaviors. The combustion duration and peak mass loss rate of
single layer sample were obtained 30% shorter and 25% larger than that of the coated samples, respectively. The effects
of blending coated from the latex foam surface on the fire behaviors were found larger than those from the cotton coated
sample. The total combustion duration and average fuel regression rate of cotton coated samples reduced by 34%, 43.2%
when compared to those of the blending coated samples, respectively. With the increase of the number of latex foam lay-
ers, the fuel regression rate in the depth direction of the sample increases.

Keywords: latex foam, surface coated, flame height, fire behaviors.

Introduction

The good elasticity, permeability, and excellent mechanical
properties of latex foam'? make its products popular and
widely used in daily lives. Synthetic latex included styrene-
butadiene rubber latex (SBR), polybutadiene latex, nitrile rub-
ber latex (NBR), chloroprene latex, and so on.>> When a fire
occurs, the latex foam will quickly burn and release lots of heat
and toxic fumes due to its chemical properties and special cell
structure.*” This will promote the spread of the fire and have
a great impact on human evacuation, especially in the con-
dition of ventilation, the combustion process of latex foam is

more intense.®!%!
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Latex foam is one of the major fill materials in producing
upholstered furniture, such as a mattress, sofa, office chair, and
so on. Take mattress as an example, from the compose of latex
foam, a latex mattress can be divided into full latex mattress
with the thickness of 20-25 cm and single layer latex foam
coated mattress. The full latex mattress refers to the latex as the
material of the whole mattress, without adding any metal or
other material frame and support. The spring latex mattress is
based on the spring, and then a 1-10 cm thickness latex layer
is coated on the surface (as shown in Figure 1).

In our daily life, latex upholstered furniture usually coated
with a thin layer fabric on the surface, forming a multi-layer
structure. The multi-layer filler and the thin surface fabric
made the structure have a very complex fire behavior. And as
the main fuel in our residences and offices, it is important to
understand the fire behaviors of the latex upholstered furniture
to provide a theoretical basis for prevention and control fire
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Figure 1. Latex mattress structure for (a) full latex mattress; (b) sin-
gle layer latex foam coated mattress.

and human evacuation.
In recent years, lots of studies have been done on furniture
fires. Such as testing methods,'>"* flame retardant material,'*'>

1617 and the smoldering.'®'* For example,

numerical simulation,
Martini et al.*® made the combustion performance experiment
of different materials inter-liners for upholstered furniture. A
great deal of research has been done on the fire behavior of
polyurethane foam,”* which provides a reference for the
study of fire caused by furniture.

As for multi-layer combustible structures, people have
focused on cross-laminated timber panels. The fire resistance
of cross-laminated timber panels mainly depends on the num-
ber of layers and their thickness, adhesives used in the pro-
duction process.'**?* Wang et al.*’ indicated that the fireproof
performance of cross-laminated timber panels were depended
on the thickness of the first layer and the carbonation rate. And
the flexural capacity of the 3-layer plate is higher than that of
a S-layer plate under load.

Henek et al.*® proposed a new evaluation method for eval-
uating load-bearing fences made of CLT panels without using
an internal flame retardant lining to ensure that the fire resis-
tance reaches the level required by european standards.

8.10.112832 it was found that in the

In our previous studies,
absence of surface fabric cottage, the multilayer latex foam has
a higher average burning height of 28.3%, a shorter com-
bustion duration of 100 s, a surface flame spread rate of 31.2%
and a higher fuel regression rate in the thickness direction of
43.4% compared to a single layer latex foam. In contrast, it can
be found that the stacking sequence of multilayer latex foam
has little effect on the fire behavior, and the maximum flame
height is mainly determined by the quality of the samples."
The surface fabric has a significant effect on the fire behaviors
not only in the ignition process but also during the combustion
process in the calorimeter experiment. For example, the natural
fabric (hemp, cotton, silk, and cashmere) is 17.2% less than
that of synthetic fabric (blended and polyester fiber), and the
total burning duration of natural fabric is 22.6% more than that
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of synthetic fabric.> As the situation in real life is often more
complex, we need to conduct more in-depth research.

In this study, the multi-layer (three layers, four layers, five
layers) latex foam (total thickness of 5 cm) coated with two
kinds of fabric (cotton and blended) were investigated. For
comparison, a 5 cm thickness latex foam was also tested. The
fire behaviors, such as flame height, temperature, mass loss
rate, and fuel regression rate, were analyzed. The results can
also provide a theoretical basis for fire risk assessment of
related furniture.

Experimental

Experimental Set-up. The experimental platform and the
measurement system is shown in Figure 2. It is mainly com-
posed of three parts: experimental platform, smoke exhaust
system, and data acquisition system. The experimental plat-
form consists of the sample holders, heat insulation asbestos
board, and test sample. The sample holder size is 0.5 m
longx0.5 m widex0.3 m high. A low carbon steel wire mesh
with a hole diameter of 0.015 m and a size of 0.5x0.5 m? was
placed on the sample holder to support the sample and form a
good bottom ventilation condition. A 0.7x0.7x0.005 m* dimen-
sional asbestos insulation board placed below the sample and
above the electronic balance to protect the electronic balance
from fire damage. The smoke exhaust system consists of a col-
lection smoke coat with a size of 2.0x3.0 m* and a smoke
exhaust pipe with a size of 0.4 m. The data acquisition system
includes an electronic balance, data acquisition instrument
(Agilent 34908A multi-channel data acquisition module),
0.5 mm diameter K-type armored thermocouple, infrared ther-
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Figure 2. Experimental platform and sample layout: (a) experiment
platform; (b) sample structure and thermocouple arrangement
(DTC1- DTC 5).



Fire Behaviors of Multilayer Latex Foam Coated by Thin Surface Fabric under Bottom Ventilation Conditions 91

Table 1. Seven Scenarios with Different Combinations

Number Layer number Combination (cm) Fabric material Thickness (mm)

LO 1 5 None 0

L1 5 1+1+1+1+1 0.28
L2 4 1+1+1+2 Cotton 0.28
L3 3 1+2+2 0.28
L4 5 1+1+1+1+1 ) 0.18
L 4 I+ 45% Wiy 9 hemp) 0.18
L6 3 1+2+2 0.18

mal imager (Fluke Ti401Pro, FLUKE, USA), industrial cam-
eras, and computers.

Samples. The 5 cm thickness latex foam and two types of
fabrics were used in the test. The test scenarios are shown in
Table 1. All the materials were supplied by local companies.
Following the practices, different layers of the sample were
simply put together without using an adhesive or the related.
The structure of the multi-layer sample is shown in Figure
2(b). The multi-layer latex foam is coated by the fabric for all
the surfaces.

The ignition source used in the tests was an electronic
igniter, which adopted liquid n-butane (C,H,y) as fuel. The
ignition location was in the center of the top surface. And
before the experiment, all the tested samples were placed in an
environment of 40 °C for 24 h to exhaust the moisture inside.
Each scenario was repeated once.

Measurement. Thermocouples with 0.5 mm diameter at a
measurement frequency of 1 Hz named DTCI1-DTCS were
placed at the center of the sample along the vertical direction
with the internal of 1 cm, as shown in Figure 2(a). Three 25
FPS CCD cameras (above the sample (CCD-1), parallel
(CCD-2), and below (CCD-3) were used to record the whole
experiment process. The flame height and flame front position
were recorded by CCD-2 and CCD-1, respectively. The infra-
red thermal imager (Fluke Ti401Pro, FLUKE, USA) with the
emissivity of 0.7 was used to measure the surface temperature
of samples during the combustion process. The flame height
and flame front position were estimated using Yan® and An*
methods. Firstly, the RGB images were converted to binary.
Then the area where the pixel is one is extracted to calculate
the flame height and flame front position. For more details,
please refer to ref.

Results and Discussion

Flame Height. Flame height is one of the critical factors for

fire risk assessment. Figure 3 shows the flame height as a func-
tion of time. The solid red line reveals the average flame
height. The seven flame images represent the flame picture
corresponding to the moment marked on the flame height
curve with green dots.

During the experiment, the yellow flame spreaded on the
upper surface in circular shape immediately after ignition for
the uncoated sample (L0). In contrast, the flame diffusion is
irregular and the diffusion rate is very slow in the beginning
period for the coated samples (L1-L6). Generally, the com-
bustion process can be divided into three stages: initial accel-
eration stage, smooth combustion stage and decay stage.
However, in the Figure 3, we can see that the flame height
curve except L3 obviously increases rapidly before the final
decay stage. This may be due to the sudden inflow of a large
amount of fresh air when the back of the material burns
through, which intensifies the material burning so that the
flame height rises rapidly. The flame height curve of LO is
especially obvious due to the influence of unwrapped mate-
rials. The curve of L1-L6 is not obvious due to the effect of the
packaging material, especially L3. Due to the effect of the
packaging material, the flame does not burn from the inside of
the sample to the bottom of the sample, but from the top of the
sample to the sample along the wrapping material bottom.

Figure 3 also reveals that the surface coated fabric can pro-
long the combustion duration of the samples. It is extending
about 75% and 15% for cotton and blending coated samples,
respectively. For the sample with the same latex foam layer,
the combustion duration of the cotton coated sample is 200-
300 s longer than that of the blending coated one. This is pos-
sible because the cotton fabric has more effect on the heat
transfer, volatile matter diffusion, and oxygen supplement of
the samples than the blending fabric. For the cotton coated
samples, the combustion duration for the five-layered samples
was much shorter than the other two. However, for the blend-
ing coated samples, there was not much difference in the com-
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Figure 3. Flame height of LO-L6.
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bustion duration between different layer samples. This is
possible because the effect of cotton and blending fabric on the
oxygen supply is different. The average flame height of L0 at
the flame height is 523 mm, while the average flame height of
cotton and blended coating samples is about 67% and 85% of
L0, respectively. Under the same packaging material, the aver-
age flame height of the five-layer sample is the lowest.

Mass Loss Rate. The mass loss percentage and mass loss
rate of all samples are shown in Figure 4. For the samples, the
mass loss is relatively slow before the turning point when the
flame spreads to the edge of the samples but rapidly increases
after reaching the edge of the sample. The peak mass loss rate
of uncoated samples is higher than that of coated samples.
Comparing with the flame height diagram in Figure 3, it can be
found that the peak mass loss rate of the samples basically
occurs at the beginning of the second combustion cycle, and
the peak mass loss rate of the cotton coated samples (L1-L3)
is 0.781, 0.805 and 0.716 g/s, respectively. The peak mass loss
rate of L4-L6 was 0.829, 0.942, and 1.080 g/s, respectively. It
is difficult to see the relationship between the peak mass loss
rate and the number of layers, which may be caused by the
randomness of flame spread on the coated material.

It was known that the mass loss rate and even the shape are
determined by the layer numbers and cover materials. The
uncovered samples had the highest mass loss rate peak among
all samples. In the case of the same number of layers, the peak
mass loss rate of the cotton coated samples is lower than that
of the blended coated samples, and the growth of the mass loss
rate of the cotton coated samples in the beginning period is far
less than that of the blended coated samples. The number of
layers has no significant effect on the mass loss rate of the
samples. This shows that cotton-coated samples are less dan-
gerous than blend-coated samples.

From the residue image in the figure, we can see that only
a slight of residues attached to the skeleton of the sample
holder grid. But for the fabric coated samples, it is obviously
that a layer of fabric residue coats on the surface, and it seems
like that the mass of the residues is more than that of the
uncoated samples. This may be because the fabric residue on
the bottom of the samples prevents ash drop from the gap of
the sample holder.

Flame Spread over the Surface. The spread of the flame
on the surface of the sample can be well observed through the
thermal imager and the flame front picture, as seen in Figure
5. The green line is the slope of the flame front position before
the flame spread to the side edge of the sample. It can rep-

resent the flame spread rate along the upper surface. The flame
spread rate of uncoated, cotton and blending coated sample is
1.16, 0.3-0.6 and 0.7-1.0 mm/s, respectively. From the flame
spread rate, we can get: (a) the flame spread rate of the latex
foam decreases due to the effect of surface fabric and (b) cot-
ton has a greater effect on the flame spread on the upper sur-
face compared to blending.

It can be seen from the figure that the flame spread on the
surface coating material is random, and the average time of
flame spread to the edge of the sample coated by cotton is
434 s, which is about twice as long as that of the sample coated
by blending. This shows why the spread rate of flame on cot-
ton is much lower than that of blending. Through the com-
parison among the samples of the same kind of coating
materials, it can be found that the samples with five layers of
coating materials have the fastest spread rate. The front veloc-
ity of L1 and L4 reached 0.539 and 1.044 mm/s, respectively.
This is possible because the more the layers of the samples, the
better ventilations are.

It can be noticed that the flame front position fluctuates seri-
ously, especially in L2 and L3. During the experiment, flame
spread on the cotton surface, firstly forming a slight flame at
a different place. And after a few periods, some of the slight
flames extinguished, and the bottom latex foam ignited and
began to spread. The combustion process can be seen in Figure
6. But for the blending coated sample, the large fluctuate of the
flame front position don’t observe due to the bottom under the
blending fabric is ignited quickly after the surface fabric
ignited. That indicates the cotton fabric has a larger effect on
the heat transfer from the flame to bottom latex foam.

Burning in Thickness Direction. Five 0.5 mm diameter K-
type thermocouples were set in the thickness direction of each
sample to measure the temperature during the combustion pro-
cess. Taking the LO and L2 for the example, as seen in Figure
7. The temperature of the uncoated sample (LO0) is the highest
to 829 °C, while the maximum temperature of the coated sam-
ple is 722 °C. The temperature of the coated sample is about
13% lower than that of the uncoated sample. And the tem-
perature of five layers is the highest when the same material is
coated, which may be due to the existence of more air between
layers which can promote its combustion.

Fuel regression® refers to the movement of flame from the
surface to interior during the combustion of solid fuel. The fuel
regression rate along the thickness direction can be estimated
according to the time of reaching a specific temperature at dif-
ferent positions in the sample. In our previous study,® it was

Polym. Korea, Vol. 45, No. 1, 2021
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found that the reference temperature mainly determines the
intercept of the fitting line and has no obvious effect on the
slope. Kuang-Chung et al*® indicated that the pyrolysis front is
300 °C. So in this experiment, 300 °C was chosen as the ref-
erence temperature.

Figure 8 shows the fuel regression line with a reference line
of 300 °C. The fuel regression rate of L0 was 0.29 mm/s, that
of L1-L3 was 0.58, 0.55 and 0.54 mm/s, and that of L4-L6 was
0.79, 0.71 and 0.39 mm/s, respectively. The average fuel
regression rate of the blending coated sample is the largest. In
the case of the same material coated, the fuel regression rate
increases with more latex foam layers.

Analysis and Implementation

The parameters that characterization fire behaviors of the
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Table 2. Sample Combustion Process Parameters

Coat fabric No Cotton Blending(45% cotton and 55% hemp)

Layers 1 3 4 5 3 4 5

Total burning time(s) 403 707 731 660 469 453 461
Maximum flame height(mm) 1022 973 1006 802 1009 1012 1028
Average flame height(mm) 602 598 623 458 730 721 684
Peak mass loss rate(g/s) 1.14 0.716 0.805 0.781 1.080 0.942 0.829
Fuel return rate in depth(mm/s) 0.29 0.54 0.55 0.58 0.39 0.71 0.79
Fire spread rate(mm/s) 1.161 0.380 0.371 0.539 0.763 0.926 1.044

fabric coated multi-layer latex foam are summarized in Table
2. Based on the above analysis, it can be known that: (a) sur-
face fabric has a significant effect on the fire behaviors of the
multi-layer samples, (b) cotton fabric has a greater influence
on the combustion process compared to the blending fabric,
and (c) the regression rate in the depth direction of the samples
under the ventilation condition increases with the number of
layers. The specific explanation is as follows.
Comparison of Coated and Uncoated Sample. Com-
pared with the uncoated samples, the average combustion
duration of the cotton and blending coated samples increased
by about 75 and 15%, respectively. The surface fire spread rate
of the uncoated samples is also significantly higher than that of
the coated fabric samples, as shown in Figure 9 and Table 2.
In the process of flame spread, it mainly includes four parts:
unburned region, preheat region, pyrolysis region, and burned
region.*"* And the rate of fire spread is proportional to the
length of the preheating region.*” The length of the preheating

cotton

fresh air

region during the spread of the fire can be estimated by eq. (1).

_ TigiT"O 1
T @r/an)_. "» M

max

S

where v, is the flame diffusion rate, T;, and 7, are the ignition
temperature and the ambient temperature, respectively, (d7/
df)max 18 the peak change rate of temperature.

In the previous experimental study,® we deduced the pre-
heating zone length under the condition of bottom ventilation.

Otm = P @

where &, is the length of the preheating zone under the con-
dition of bottom ventilation, and ¢ is a defined parameter with
a value of 1.34.°

Taking L0 uncoated sample and L3 cotton coated sample as
examples, d;p is 11.38 mm and &3 is 2.13 mm through cal-
culation. There is a large difference in the length of the pre-
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Figure 9. Schematic of the combustion process: (a) a sample structure diagram; (b) a schematic diagram of fire spreading.
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Table 3. Fabric Parameters

Material Porosity Warp yarn density Weft yarn density Warp yarn diameter ~ Weft yarn diameter Total tightness
(%) (Root/10 cm) (Root/10 cm) (cm) (cm) (%)
Cotton 0.057 465 412 0.0215 0.0248 20.24
Blending 17.123 265 207 0.0136 0.0295 9.69
. . . P wB w
heating region between the two. The possible reasons for the E,= 160~ 100% 5)

length of the preheating region are as follows. Figure 9(a)
shows the distribution of the surface burning area of the sam-
ple under the conditions of burning and coating.

The air supply is one of the important factors in the com-
bustion process. The uncoated fabric samples can be fully
exposed to air. In contrast, the fabric coated samples have a
reticular structure before and after burning, and the residue will
block latex foam from contact with fresh air to a certain extent.
As a result, the combustion duration becomes longer. As
shown in Figure 9(b), due to the structure of the fabric, the sur-
face of the coated sample can be considered to be composed of
different materials, and the green square part is the structure of
the fabric. Because the temperature of the combustibles has not
reached the pyrolysis temperature in the preheating zone, the
energy released by the flame continuously heats its surface
until it reaches the pyrolysis temperature and is ignited, form-
ing a continuous fire spreading process. Different materials
have different pyrolysis temperatures, which leads to a reduc-
tion in the length of the preheating zone and a slower flame
spread.

Cotton and Blended Coated Sample. It can be seen from
Table 2 that for the same number of layers, the coverage of
cotton fabrics can hinder the combustion of latex foam more
than the coverage of blending fabrics. The combustion dura-
tion of the cotton-coated 4-layer sample was 731 s, while the
blending one was only 453s. The flame spread rate, fuel
regression rate, and peak mass loss rate of the blending coated
samples were higher than those of the cotton coated sample.

This may be because of the structure of cotton fabrics and
blending fabrics. From Figure 9(a), we can see clearly that
both cotton and blending fabrics have a certain tight structure.
After burning, the residue of cotton fabrics is still tighter than
that of blending fabrics. The tightness of the fabric can be cal-
culated by the following formula.*'

E=E+E,—0.01ExE, (3)
E =Pt_th100°/ 4)
£ 700 °

Zay, Al4548 A15, 20213

Where E is the total tightness; E, is the meridional tightness;
E is the zonal tightness; P, and P,, are the warp (weft) density,
root/10 cm, respectively; B, and B,, are warp (weft) yarn diam-
eters.

Table 3 shows the parameters of the two fabrics. The greater
the tightness means that the surface of the sample has less con-
tact with fresh air, and the length of the preheating zone
becomes shorter. Therefore, with the same number of layers,
the coating of cotton fabrics can hinder the burning of latex
foam more than the coating of blending fabrics.

Effect of Different Latex Foam Layers. With the increase
in the number of layers coated by fabrics, we can see that the
fuel regression rate in the depth direction of the sample is also
increasing. And in previous experiments,'’ we found that 1 and
2 cm latex foams are thermally thin material, and 5 cm thick-
ness latex foams are thermally thick material. Thermally thin
materials are more likely to shrink than thermally thick mate-
rials. For the coated single-layer sample, as shown in Figure
10(a), oxygen is supplied from the top and bottom surfaces of
the sample. The effect of bottom ventilation on the combustion
process is limited by thickness. When the combustion process
continues, the thickness of the sample decreases, and the residue
coats the pyrolysis layer, preventing contact between the sam-
ple and fresh air. Without bottom ventilation, the flame may
extinguish when the residue layer is thick enough.” The coated
multi-layer sample is composed of 1 and 2 cm latex foam and
fabric layer, as shown in Figure 10(b). Because there is a gap

fresh air fresh air

.gap

Trrvvyae Tr v vy

- e

= pyrolysis layer +
(@) (b)

fuel layer =
Figure 10. Fuel regression along with the thickness: (a) single-layer
sample; (b) multiple-layer sample.

.
-
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between the layers, the fresh air in the gap will make the sam-
ple burn more smoothly. At the same time, more layers mean
more fresh air. This causes the fuel regression rate in the sam-
ple depth direction to increase with the number of layers.

Based on the above analysis, some suggestions can be pro-
vided for manufacturers. For example, the influence of the
number of layers of materials on similar materials such as mat-
tress fire is relatively small, so the manufacturer can determine
the number of layers according to needs when manufacturing
mattress or similar products. However, the coating material can
greatly affect its fire characteristics, so manufacturers should
not only consider the comfort of mattresses but also consider
the coating material to reduce the fire risk of mattresses or sim-
ilar products.

Conclusions

In this study, the fire behavior of multi-layer latex foam with
different surface fabric is studied. The conclusions are as fol-
lows:

- The coated fabric had a certain effect on the fire behavior
of the samples. Compared with the samples without coating,
the peak average combustion duration of the samples increased
by 75%.

- The effect of the cotton fabric coat on combustion per-
formance was greater than that of the blending coated one. The
average flame propagation time for the cotton coated sample
from the center to the edge of the sample was about 434 s,
which was about twice as long as that of the blending coated
samples. The mass loss rate of the blending coated samples
was also higher than that of the cotton coated samples. And the
average fuel regression of the blending coating samples is
43.2% higher than that of the cotton coating material.

- The fuel regression rate in the depth direction of the sam-
ples increases with the increase of the number of layers for the
fabric coated samples. The regression rates of cotton coated
samples were 0.54 (three layers), 0.55 (four layers) and 0.58
(five layers), respectively. And the combustion regression rates
of the composite coating samples were 0.39 (three layers), 0.71
(four layers) and 0.79 (five layers), respectively.
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