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Abstract: Fibrous materials are often used in the manufacturing of fire protection devices such as fire
curtains. Their optimization and improved performance is still a topic of interest. The present work
aims to develop and test a new combination of fibers arranged in various 2D and 3D patterns with
coatings. For this purpose, basalt fibers were added into a glass fiber fabric, and wires of a shape
memory material (SMM) were inserted into the fabric to create air pockets induced by temperature.
In fire curtains, the base structure is a 2D basket pattern, and all combinations were tested with and
without a waterborne polyurethane (WPU) coating with inorganic materials. Three different tests
were selected to characterize the thermal behavior: fire resistance, ignitability, and smoke production.
Fiberglass proved to be the best material to provide thermal resistance in fire curtains, with the outer
surface temperature of the fabric below 650 °C at the end of the tests. The SMM wires provided
good protection during the initial stages of the test, but a combination of excessive deformation and
reduced strength of the fabric resulted in a sudden failure of the structure. Basalt fibers contribute
to a reduction of smoke production. It was observed an improvement of up to 10% in the thermal
capacity between 1MIX2 (glass fibers fabric with coating, MIX2) and the best commercial curtain
evaluated, Commercial3 (glass and steel fibers fabric with coating).

Keywords: coatings; fibrous materials; fire curtains; fire resistance; thermal behavior

1. Introduction

With a growing concern for human safety, there are high demands for the improvement
of protection devices. Considering that 90% of all fire victims are from fires in buildings [1],
passive fire protection measures assume great importance as their purpose is to contain
or slower the fire spread [2]. In addition, there is a constant search for new methods and
materials capable of gathering thermal, fire, and radiation protection abilities. In this quest,
fibrous and polymeric materials and their combinations stand out as a great multipurpose
solution [3]. In the development of these new materials, tests to characterize their thermal
behavior are necessary so that the resultant products may be compared and certified.

Amongst the various applications of fibrous structures, the need for flexible and
lightweight heat-resistant structures makes fire curtains the perfect example to highlight
the advantages of using fibrous materials in passive fire protection. Fire curtains provide
a way of restraining the fire and its hazards, such as heat and smoke, so that people may
have time to safely escape while active fire protection elements are deployed to extinguish
the fire [4]. Nowadays, their development presents already some positive factors: wider
use of fiber materials, the inclusion of various coatings [4], and the existence of extensive
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normative legislation. However, there is space for improvement in fire durability [5] and
the combination of mechanical and thermal properties that results in a lightweight structure
with optimum thermal insulation, integrity at high temperatures, and flame resistance.
These factors may be accomplished by the use of high-performance heat and flame-resistant
fibers such as glass or basalt fibers. Conventional flame-retardant fibers only mean that
they are less susceptible to ignition and reduce flame spread [6], which excludes them for
applications with a need for high fire resistance.

After the development stage of these products, there is the need to carry out tests to
evaluate their performance and choose the best among them. These tests are oriented for
the evaluation of thermal behavior according to suitable standards. These are related to
the functions that passive fire protection products must perform in fire scenarios. These
functions are reaction to fire, fire resistance, and smoke control. Reaction to fire is described
by BS EN 13501-1 [7] and is related to the product’s own contribution to the fire by its
decomposition. As for fire resistance, its meaning is given by BS 476-20 [8] as the capacity
of a product to hold its separating and/or loadbearing function when exposed to a fire.
Finally, smoke control is ruled by BS EN 1634-3 [9] and defined as the ability to restrict the
smoke passage.

In the particular case of fire curtains, the function with more relevance is fire resistance,
as their classification results directly from these tests. Within the various standards available,
the most used for fire curtains certification are BS EN 1634-1 [10] and BS EN 13501-2 [11],
whose content describes the experimental procedure to fire resistance tests and how to
classify them according to the test results, respectively.

Given the framework of the theme, this study presents its relevance in the assessment
of the thermal behavior of purpose-developed fibrous structures capable of responding to
the identified improvement areas. The test results allow for sample comparison and as an
indication of the possible behavior in certification tests. With these, companies guarantee
their product performance, and the market obtains a competitive and innovative product
with a focus on the increase in human safety.

In this study, three different tests were conducted for the thermal behavior assessment.
The fire resistance and thermal insulation test was carried out in a furnace developed to
follow the standard BS EN 1363-1 [12]. The smoke production test was performed according
to BS EN 13823 [13] in a 1/3-scale built test facility developed. Ignitability tests were also
carried out in certified equipment that followed the standard ANSI/UL 94 [14].

The results obtained highlight the differences between the two used fibers for the
fabrics, with glass fibers proving to have better thermal resistance than basalt fibers. In
addition, all the developed samples received an approximate classification and a similar
performance to the tested commercials samples.

2. Materials and Methods
2.1. Passive Fire Protection—Classification Criteria

For each of the passive fire protection functions, there are criteria whose goal is to
classify these products according to the test results.

Reaction to fire is characterized by three different criteria: fire behavior, smoke pro-
duction, and production of flaming particles/droplets whose evaluation results directly in
a classification of a product according to standard BS EN 13501-1 [7].

The fire behavior criterion can be further divided into three sub-criteria: fire contri-
bution, flame spread, and ignitability. Each of these has its own test standards, and they
all contribute to the classification of A1-A2-B-C-D-E-F, being A1 the best, in respect to
fire behavior.

Fire resistance is the main function of fire curtains as it allows for direct comparison
between different products. Four main classification criteria may be identified in EN 13501-
2 [11], loadbearing capacity (R), integrity (E), thermal insulation (I), and radiation (W).
Each letter is followed by the time that the respective criterion or a combination of two is
fulfilled. The possible combinations are RE, REI, EI, or EW.
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Smoke control has its base in standard BS EN 1634-3 [9] with two associated criteria.
Both are related to resistance for the smoke passage, with smoke leakage criterion (S)
associated with fire resistance and an additional criterion of stability (D).

With three different functions and various criteria for each, Table 1 summarizes the
relevant standards either for evaluation or for test procedures.

Table 1. Summary of the classification criteria for elements of passive fire protection [7,9-13,15-18].

Function Criterion Classification Symbol Classification Test Standard
Standard
. I EN ISO 1182
Fire contribution ENTISO 1716
Fire behavior Flame spread Al1-A2-B-C-D-E-F EN ISO 11925-2
P EN 13823
Reaction to fire Ignitability EN 13501-1 EN ISO 119252
Smoke production s1-s2-s3 EN 13823
. . . EN 13823
Flaming particles/droplets production d0-d1-d2 EN 1SO 11925-2
Loadbearing capacity R
Integrity E
Fire resistance EN 13501-2 EN 1634-1
Thermal insulation I
Radiation W
Sa
Smoke leakage Sm EN 1634-3
Smoke control EN 13501-4
- D
Stability DH EN 1634-1

2.2. Test Materials

For this study, four different fibrous structures were developed, and each one had the
possibility to have a specially developed coating applied. These combinations resulted in
eight different samples to evaluate the thermal behavior.

These structures were developed taking into account the state-of-art of fire curtains and
high-performance heat and flame-resistant fibers. The combinations resulted in different
fibrous structures that can be seen in Table 2, varying in the fabric composition, structure,
and coating application.

Table 2. Final samples designation for fire curtains varying in structure, materials combination,
and coating.

Sample
Choice

1 2 5 FN 1MIX2 2MIX2 5MIX2 FNMIX2

Fibrous structure type

2D-Basket 2D-Basket 2D-Basket 3D near- 2D-Basket 2D-Basket 2D-Basket 3D near-

weave weave weave net-shape weave weave weave net-shape
Warp material GF GF GF GF GF GF GF GF
. GF (50%) + GF (50%) +
Weft material GF BF BF (50%) GF GF BF BF (50%) GF
Active material - - - SMM - - - SMM
Coating applied - - - - MIX2 MIX2 MIX2 MIX2

Legend: BF—Basalt fiber; GF—Glass fiber; SMM—Shape memory material; MIX2—Designation of the devel-
oped coating.

Two different fabric structures were explored with distinct objectives for each. The
basket weave fabric is a common 2D textile structure with the purpose of obtaining a stable
and resistant fabric which, in this case, can help to maintain high-temperature integrity.

In regard to the 3D near-net-shape structure, its objective is to create air pockets
induced by temperature. This is made through the insertion of SMM wires weft threaded
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in the fabric. These wires are predefined to move into a helix geometry when heated up,
thus creating multiple air pockets in the structure and diminishing the heat transfer.

The developed coating, referred to as MIX2, uses a waterborne polyurethane base
(Takelac WS4022, produced by Mitsui Chemicals) with inorganic additives. The additives
are alumina in the form of a water-based suspension (Alumina Powder, De-Agglomerated,
0.3 Micron, Allied) and nanoclay Cloisite20A, BYK. The alumina is in the form of an aqueous
suspension, being 80% alumina residue after drying. These additives are responsible for
improving fire durability through heat barrier mechanisms such as char formation. The
char deposited in the fire curtain surface grants better insulation capabilities while also
decreasing the gaseous supply to the fire [19]. The full coating composition can be observed
in Table 3.

Table 3. Composition of the developed coating, MIX2.

Designation Polymer Matrix Inorganic Additives
MIX2 WPU Nanoclay (2-5%) + Alumina 0.3 um (25/75)

Several coating processes were tested for the application on fire curtains. The selected
procedure was based on the application of the coating by soaking the fabric in a bath,
followed by squeezing the excess coating with a pair of rollers with controlled pressure
application, designated as the foulard process [20].

In regard to the FN curtain type, the coating application did not follow this process
as the SMM presence does not allow it. As such, it was applied manually with a sponge,
which did not grant uniformity in the coating application.

Considering that the test facilities used do not fully comply with all the requirements
from their standards, comparative assessments were the solution for evaluating the de-
veloped products against the commercial ones available. In Table 4, the composition of
the three commercial samples evaluated can be seen. From Commerciall to Commercial3,
components were added to improve their performance. Commerciall only had a fabric of
glass fiber; in Commercial2, steel fibers were added, and, finally, in Commercial3, a coating
was applied to the structure from Commercial2.

Table 4. Commercial samples’ overall composition.

Commercial Sample Designation Fibrous Structure Type Fabric Materials Coating
Commerciall 2D Woven fabric GF No
Commercial2 2D Woven fabric GF + SF No
Commercial3 2D Woven fabric GF + SF Yes

Legend: GF—Glass fiber; SF—Steel fiber.

2.3. Test Facilities

For the selected tests, three different facilities were used. Considering the available
equipment, two test facilities were developed for fire resistance and for smoke production
tests. As for the ignitability tests, a testing facility was already available to use, which fol-
lows the ANSI/UL 94 standard [14]. However, with minimal modifications, this equipment
could also be used in accordance with BS EN 11925-2 [18].

2.3.1. Test Facility for Fire Resistance and Thermal Insulation

The fire resistance and thermal insulation testing procedure is defined by BS EN 1634-
1 [10], which states that the testing equipment to be used must follow the indications from
DIN EN 1363-1 [12].
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The test rig is a large-scale unit. For the purpose of the current work, a laboratory
scale was designed and manufactured in order to follow as close as possible the tempera-
ture/time curve represented in Equation (1).

T = 345 logyo (8t + 1) + 20 )

The test facility is shown in Figure 1. A reactor, heated by a 7 kW electrical coil
embedded in the ceramic walls, acts as the heat source, whose temperature is controlled by
PID. Compressed air (3) is supplied into the reactor to keep the pressure at the desired value,
measured through an inclined manometer (1). Between the reactor and the manometer,
a water-cooled heat exchanger (2) lowers the temperature. The sample is placed on the
top aperture (4), and the thermocouples (6) are mounted flush to the upper and lower
surfaces. An exhaust duct (5) clears the fumes. In order to prevent damage, the maximum
temperature is limited to 1050 °C.

Figure 1. Developed test rig and its elements for fire resistance test.

2.3.2. Test Facility for Smoke Production and Flaming Particles

The test for smoke production and flaming particles is part of the reaction to fire
function and is characterized in the single-burning item test (SBI). The equipment features
and test procedure are comprehensively described in BS EN 13823 [13]. In order to obtain
the necessary classification parameters, the equipment must be able to quantify the smoke
production and visualize flaming droplets.

Considering the available space in the laboratory and the need to follow closely the
ruling standard, a test facility was designed and built to a 1/3 scale. The sample dimensions,
the burner power, and the extraction flow rate were adjusted in order to maintain similarity.
The test facility is shown in Figure 2. The testing chamber (1), which contains the specimens,
is insulated with rock wool (2), and a layer of ceramic material is applied on the inner
wall. The fumes are exhausted through a duct (3) by means of a ventilator (4). In the
exhaust duct, a light source and a photo sensor are paced across a diameter (5), enabling
the measurement of the smoke concentration. On the inside, the duct (6) collects the smoke
generated by the sample (8) that is placed on top of backboards (9). A 4 kW propane burner
(7) ignites the samples.
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Figure 2. Main components of the smoke production test facility.

2.3.3. Test Facility for Ignitability

Similar to the smoke production test, the ignitability test is also a criterion for reaction
to fire, and its purpose is to measure how easily a product can be ignited. The adopted
standard for the test is BS EN ISO 11925-2 [18]. However, the test was carried out in
equipment complying with ANSI/UL 94 [14]. The main difference between these standards
lies in the specimen dimensions. As for other differences, application angle, and time,
the equipment can be adapted in order to do the test with the chosen standard. As such,
the specimen dimensions and equipment were used according to ANSI/UL 94 [14], and
the test procedure as the parameters evaluated were according to BS EN ISO 11925-2 [18].
Figure 3 depicts the experimental technique. The sample (1) is clamped vertically (2) inside
the chamber and is ignited by a gas burner (3) at 45°. The timer (4) controls the duration of
the experiment.

Figure 3. Test chamber of the used equipment for ignitability tests.

3. Results
3.1. Fire Resistance and Thermal Insulation Tests

The results from fire resistance and thermal insulation tests are presented in three
groups: uncoated, coated, and commercial.

For each group, the results include the outer surface temperature, acquired with the
thermocouple T2; the thermal capacity, that is, the difference between the T3 (internal
thermocouple of the furnace) and T2; and the thermal insulation according to EN 13501-
2 [11]. This evaluates the time it takes for the temperature difference between T2 and
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the ambient to reach 180 °C. In the graphs, darker colors with triangles represent coated
samples, and lighter colors with circles represent uncoated samples.

For each sample, two fire resistance tests were done, and the results were identified
by the evaluation parameter and the test sample designation. Due to the limited number
of tests, it was decided to use and present the results whose values reproduced the best
test conditions.

3.1.1. Uncoated Samples

In Figure 4a, the outer surface temperature of uncoated samples is presented. It is
possible to see that in the first 60 min, the four samples had similar behavior with the
exception of sample 2, which showed a systematically higher temperature. After this
period, sample 1 clearly presented the best performance with the maximum temperature
always below 700 °C, while all the others exceeded 750 °C. It is also possible to observe
that samples 2_1 and 5_2 showed similar results, with the 2 being slightly better in the last
240 min of the test. Finally, the FN, although with good results in the first 90 min, failed to
perform in the latter stages, which was associated with its damage.

500

400

300

=

200

100

0

0 40 80 120 160 200 240 280 320 360
40 80 120 160 200 240 280 320 360 Time (min)
Time (min)
A(3-2)_1 A(3-2)_2
T2 5 T2_FN A(3-2)_5 A(3-2)_FN
(a) (b)
250
165.7
200 152.5 76k
150 149.0 )
=
100
50
0
0 5 10 15 20 25 30

Time (min)

A(2-amb)_1 A(2-amb)_2
A(2-amb)_5 A(2-amb)_FN

(©)

Figure 4. Test results from fire resistance and thermal insulation test to the uncoated samples (1, 2,
5 and FN): (a) Outer surface temperature; (b) Thermal capacity (temperature difference between
outer and inner surface); (c) Thermal insulation (temperature difference between ambient and outer
surface) characterized according to the standard EN 13501-2 [11].
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The thermal capacity is presented in Figure 4b for the uncoated samples. The higher
this difference, the better the fire curtain’s performance, as it would reduce the heat flux
to the unexposed side. As for the outer surface temperature, in the first 60 min, the
temperature difference was nearly the same for all samples. After this, sample 1 presented
the best results, reaching a maximum difference of 445 °C at 120 min and maintaining it
around 400 °C all the way to the end. As for the other three samples, the FN performed
poorly at 191 °C, and sample 5 was slightly worse than 2 after 90 min. The worst behavior
was observed with the FN sample, with a good performance in the first 90 min of the
test and rapidly decreasing after that, reaching in the latter stages the lowest difference,
around 200 °C.

The thermal insulation for the uncoated samples is shown in Figure 4c. The relevant
value for this criterion is the time length with a AT below 180 °C. This provides the
insulation time reference to the fire curtain. The graph is limited for the 30 min of the test,
as the best sample, 1, only held this difference for 20 min with a value of 176.6 °C at this
time. All the other samples failed before 15 min, with sample 2 presenting the worst value,
having already reached 165.7 °C at this time, and 5 and FN with similar values, 149.0 °C
and 152.5 °C, respectively, with 5 achieving the best result of these two.

3.1.2. Coated Samples

In Figure 5a, the outer surface temperature, T2, of the coated samples throughout the
test is presented. 1IMIX2 showed, arguably, the best performance during the 6 h, with a
maximum outer surface temperature of 631.0 °C at the end of the test (360 min). As for the
others, in the first 60 min of the test, FNMIX2 had the worst results, being the fastest one to
achieve 500 °C, and in this period, 2MIX2 had the best results of the three. However, in
the last 240 min of the test, FNMIX2 showed the lowest temperature of these three, with
631.0 °C in the final of the test. The 2MIX2 and 5MIX2 samples achieved similar results
during the test, with SMIX2 being slightly better as it ended with 770.8 °C in comparison
with the 792.1 °C for 2MIX2.

The thermal capacity of the coated samples is represented in Figure 5b and as the
temperature evolution of the furnace (inner side) is the same for all tests, the trend is similar
to that of the outer surface temperature. Sample 1IMIX2 had the best result with a maximum
temperature difference of 488.1 °C at 90 min, and the others had their maximum of 417 °C
for FNMIX2 at this same time, 395.2 °C for the 5SMIX2 at 60 min and 393.6 °C for 2MIX2
also at 60 min. In this way, the FNMIX2 was second best with a value close to 1IMIX2 at
the 240 min mark, while being the worst until the 60 min mark of the test. Regarding the
difference between 2MIX2 and 5MIX2, the values were similar all over the test, with 5MIX2
being slightly better overall.

The thermal insulation results for the coated samples are depicted in Figure 5c. The
three samples of planar fibrous structure, 1IMIX2, 2MIX2, and 5MIX2, complied with EN
13501-2 [11] requirements until approximately 20 min, with a temperature at this time of
156.5 °C,161.7 °C and 177.8 °C, respectively. As such, these samples could obtain the 20 min
reference for the insulation capacity while the sample of three-dimensional fibrous structure
type, FNMIX2, only complied for 15 min, with already a relatively high temperature at this
point, 171.5 °C.

The best test specimen in this criterion was 1MIX2, followed by 2MIX and 5MIX2,
with the worst being the FNMIX2.
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Figure 5. Test results from fire resistance and thermal insulation test to the coated samples (IMIX2,
2MIX2, 5SMIX2, and FNMIX2): (a) Outer surface temperature; (b) Thermal capacity (temperature
difference between outer and inner surface); (c) Thermal insulation (temperature difference between
ambient and outer surface) characterized according to the standard EN 13501-2 [11].

3.1.3. Commercial Samples

The outer surface temperature (T2) registered for the commercial samples is shown
in Figure 6a. Commercial3 exhibited the best performance all over the test, reaching a
maximum temperature of 654.9 °C at the end. As for Commerciall and Commercial2, the
first had the lowest outer temperature of these two until 260 min of the test, although
there was some damage to the test specimen. In this way, in the final stage of the test,
the temperature reached 799.8 °C while Commercial2, with the worst performance up to
240 min, ended at 749.5 °C, a value lower than that for Commerciall.

Regarding the thermal capacity, Figure 6b, a similar trend over time can be observed,
with Commercial3 having the largest difference between the outer and inner surface,
527.1 °C at 90 min, Commercial2 at 488.7 °C and Commerciall at 494.5 °C. However, at the
final stage of the test, the Commerciall sample showed a sharp loss of performance, being
the worst.

The thermal insulation is shown in Figure 6¢, and all the commercial samples achieve
the 20 min certification. Commercial3 can almost achieve the 30 min, having a value of only
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125.2 °C at the 20 min, while Commerciall and Commercial2 have close values of 137.3 °C
and 141.4 °C, respectively.

800 8 o} 600
® ot ®
8) 500
< 600
% 400
o =
g 400 = 300
a.,
g 200 200
= 100
0 0
0 40 80 120 160 200 240 280 320 360 0 40 80 120 160 200 240 280 320 360
Time (min) Time (min)
o T2_Commerciall —@—T2_Commercial2 O A(3-2)_Commerciall —@— A(3-2)_Commercial2
—e—T2_Commercial3 —8— A(3-2)_Commercial3
(a) (b)
250
200 9
_ 150 141.4 /
> 137.3
100 125.2
50
0
0 10 20 30
Time (min)
O A(2-amb)_Commerciall ®— A(2-amb)_Commercial2
—&— A(2-amb)_Commercial3
(c)
Figure 6. Test results from fire resistance and thermal insulation test to the commercial samples
(Commerciall, Commercial2, and Commercial3): (a) Outer surface temperature; (b) Thermal capacity
(temperature difference between outer and inner surface); (c) Thermal insulation (temperature difference
between ambient and outer surface) characterized according to the standard EN 13501-2 [11].
3.2. Ignitability Tests
The parameters recorded during the ignitability test are shown in Table 5. It is possible
to see that all samples had perfect scores, except for FNMIX2, as in the edge exposure the
flame propagated to the top in 8 s.
Table 5. Ignitability test results.
Sample
2 5 FN 1MIX2 2MIX2 5MIX2 FNMIX2
Parameter
Exposure time (s) 30 30 30 30 30 30 30 30
Ignition of the sample No No No No No No No No
Cotton ignition No No No No No No No No
Flaming particles/droplets No No No No No No No No

Time to reach the top (s) - - - - - - - 8
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3.3. Test Results for Smoke Production and Flamming Particles/Droplets

The results relevant for the smoke production and flaming particles/droplets test
are the same as those identified by EN 13823 [13]: (a) average of smoke production rate
(SPR_av), (b) total smoke production (TSP), (c) smoke growth rate (SMOGRA(all)), (d) lat-
eral flame spread (LFS) and flaming particles observation, (e) total smoke production for
the period of 120 s < t < 720 s (TSP600s), and (f) smoke growth rate index (SMOGRA). As
mentioned before, these values are calculated through the procedure from EN 13823 [13].

The results are sorted into uncoated and coated samples so that, as in the other tests,
besides the analysis of the different sample types, one can also study the coating performance.

The same color choice as the one for the graphs with the fire resistance test results
are applied, with blue for type 1, green for 2, orange for 5, and grey for FN. The results
concerning the samples with coating are shown with a darker hue of the same color.

The average smoke production rate graph allows us to understand the smoke produc-
tion behavior throughout the test while averaging the results so that a smoother expression
of the values may be possible. As for the total smoke production graph, the total amount of
smoke generated is observed at the different stages of the test.

In the last graph, the smoke growth rate represents the ratio of the specimen’s average
smoke production rate and the time of its occurrence. From it, one can infer the growth
rate and then calculate its index, an important criterion that, together with the total smoke
production in the first 600 s of the main burner exposure, allows for the “s” additional
classification according to the standard EN 13501-1 [7].

It should be noted that for the smoke growth rate according to EN 13823 [13] standard,
there are two conditions used to calculate these values. One is to calculate only for TSP(t)
values greater than 6 m? and another one for SPR_av greater than 0.1 m?/s. In order to
get results for this parameter and compare the different samples, the SPR_av condition
was suppressed.

3.3.1. Uncoated Samples

The average smoke production rate of the uncoated samples is shown in Figure 7a.
It is possible to observe the high smoke production rate of sample 1 throughout the test
in comparison to others, with a maximum of around 0.04 m?/s. With respect to the other
samples, the values are close to each one, with 5 being the worst of these, followed by the
FN and 2.

For sample 2, even averaged values were very unstable, which may be due to instabili-
ties in the combustion process.

In Figure 7b, the total smoke production of uncoated specimens is shown, with the
worst result being that of sample 1, followed by 5, 2, and FN with maximum values of
32m?2, 16 m?%, 13 m?2, and 11 m?, respectively.

The smoke growth rate of the uncoated samples is presented in Figure 7c. This graph
indicates the moment when smoke was detected in the exhaust duct and triggered the
detector. The results show that sample 1 was the first to exceed the threshold, at around
470 s, while the same event for samples 5 and 2 occurred at approximately 800 s. Finally,
sample FN triggered at 1020 s. At any rate, the results for sample 1 were much higher than
for any other, which are very close to each other.
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Figure 7. Test results from smoke production test to the uncoated samples (1, 2, 5, and FN) as specified
by BS EN 13823 [13]: (a) Average of smoke production rate of the specimen (SPRav(t)); (b) Total
smoke production of the specimen (TSP(t)); (c) Smoke growth rate of the specimen.

3.3.2. Coated Samples

The results for the average smoke production rate are shown in Figure 8a. It is observed
that sample 2MIX2 had the best overall behavior in spite of the initial high values. Samples
1IMIX2 and FNMIX2 had similar values, with the FNMIX2 being slightly better.

As for the 5SMIX2 specimen, the highly unstable results made more difficult the com-
parison of the results, but it is still possible to observe a better behavior in relation to 1IMIX2
and FNMIX2.

Regarding the total smoke production of the coated samples, Figure 8b, such as in the
SPRav behavior, 2MIX2 yielded lower values, and 5MIX2 is a little better than FNMIX2.
However, 5MIX2 had the worst overall result in the test. The data shows that the worst
specimen had a maximum of approximately 9 m? of total smoke production, while the best
had a maximum of just 2 m?.

In Figure 8c, the smoke growth rate for the coated samples is presented. In this case,
even suppressing that of the threshold 2MIX2 did not surpass both of them, achieving a
value of zero in this parameter. As for IMIX2 and FNMIX2, the values were very close, but
the ENMIX2 only surpassed the threshold 100 s later than IMIX2. Finally, 5MIX2 presented
an unstable behavior but with values always lower than the ones for IMIX2 and 5MIX2.
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Figure 8. Test results from smoke production test to the coated samples (1IMIX2, 2MIX2, 5MIX2,
and FNMIX2) as specified by BS EN 13823 [13]: (a) Average of smoke production rate of the spec-
imen (SPRav(t)); (b) Total smoke production of the specimen (TSP(t)); (c) Smoke growth rate of

the specimen.

4. Discussions and Comparisons
4.1. Discussions of Results
4.1.1. Fire Resistance and Thermal Insulation

This section is divided into five parts. The first presents the results from the uncoated
samples, followed by the analysis of the coated samples. The third part concerns the
discussion between these two and the effect of the coating. Subsequently, the commercial
samples are analyzed, and finally, an overall discussion of the results of the fire resistance
and thermal insulation test is presented.

e  Uncoated samples:

Regarding the uncoated samples, the best thermal performance (lowest outer surface
temperature, the highest difference between the outer and inner surface temperatures, and
longest time until the difference of the outer surface and ambient temperature exceeded
180 °C) of the test speciments is attributed to the sample 1 with a clear advantage over the
others. The main difference between this one and the others was in the fabric material,
being solely composed of glass fibers. This is an indicator that glass fiber is the best
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material in terms of fire resistance and thermal insulation. This is explained by the higher
emissivity [21] and lower thermal conductivity at high temperatures [22].

With respect to the samples with the addition of the basalt fibers as a reinforcement,
samples 2 and 5, the decrease in the thermal performance was evident when compared
with sample 1.

Comparing the behavior of samples 2 and 5, there was not a large difference in the
results obtained. However, slightly better performance could be observed in the initial part
of the test for sample 5, which has 50% basalt fibers plus 50% glass fibers weft threaded.
On the contrary, in the final part of the test, sample 2, which has 100% basalt fibers weft
threaded, had the best results. This behavior can be explained by the predominant good
performance of the glass fibers in the initial stage, yet an effect not so visible in the last
stage of the test due to the loss of integrity. In this part, the better mechanical properties
granted by basalt fibers are essential to maintain the integrity of the fabric structure and
explain the slightly better performance for the sample with more basalt fibers, the 2, in the
last part of the test.

As for the FN, good thermal resistance was observed in the first 90 min of the test,
followed by a rapidly declining performance until the end, obtaining the worst results.
This is due to the SMM wires’ deformation. In fact, while the glass fibers held their
position, their performance was guaranteed by them. However, with the deformation of
the SMM wires after 100 °C, openings started to appear in the fabric, pushing the threaded
glass fibers beyond their limit, thus greatly contributing to the damage of the sample at
high temperatures.

e Coated samples:

As the difference between the uncoated and the coated samples was the coating appli-
cation, the thermal behavior between them was expected to be the same, with the exception
of the qualitative parameters. This happened to be true for the best-performing sample,
1MIX2, where a large difference could be seen in comparison to the others. However, the
difference between samples 2 and 5 was even smaller than without the coating. Nonethe-
less, sample 5 ended up with a slightly better result than sample 2, an unexpected behavior
taking into consideration their performance when uncoated. The expected higher integrity
conferred by a higher percentage of basalt fibers did not translate into the best performance
for sample 2 in comparison to sample 5 at the end of the test. Nevertheless, at this final
stage of the test the difference between them started to diminish, with the sample 2 coming
very close to the sample 5 results. Thus, if the test had a longer duration, it would be
reasonable to assume that sample 2 could end up with better performance than 5.

The largest difference when compared with the uncoated samples was observed for
the sample with the SMM wires, FNMIX2, where good results were observed throughout
the test with the exception of the first 60 min. This can be explained by the presence of
a coating that did not allow the movement of the SMM wires. This lack of deformation,
although it prevented the formation of the desired air pockets, had a beneficial effect on
the performance of the fabric as the SMM wires did not shred the glass fibers, which was a
feature in the uncoated sample. However, during the early stage of the test, the relatively
poor performance can be explained by the method of application of the coating on the
fabric. The manual application of the coating caused a non-uniform distribution of the
coating through the fabric and may have influenced this first part of the test when the
service temperature was below 200 °C.

o  Coating performance:

As expected, the coating positively influenced the samples” performance. Between
samples 1 and 1MIX2, it is even possible to observe a difference of approximately 50 °C
during the last 270 min of the test.

Even with the service temperature being approximately 200 °C, the performance was
improved all over the test. The lower damage at the beginning of the test due to the
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protection guaranteed by the coating allowed for a longer period of the integrity of the test
specimen, thus prolonging the action of the fabric.

The main differences observed with the coating application are identified in the
qualitative parameters of the test. The parameters of color change, smell, smoke, and
weight loss had large differences in the values obtained, especially for the smoke and the
weight loss percentage. This indicates that the largest percentage of the total weight lost by
the test specimen belongs to the coating and that the smoke produced at an earlier time of
the test was caused mainly by the deterioration of the coating.

e  Commercial samples:

The commercial samples showed a behavior that is in agreement with that already
outlined for the developed samples. So, the two main explanations for the improvement
of the performance from Commerciall to Commercial2 and, finally, to Commercial3, are
the introduction of the reinforcement fibers and the coating application. The reinforcement
fibers helped maintain the integrity of the specimen until the end of the test so that the
fabric could maintain its function. As for the applied coating, an overall better performance
was also observed. With the application of the coating, it was once more noticed that there
was a high weight loss, proving that most of the weight loss came from the coating and
that the early smoke is also caused by this element.

e  Overall analysis:

The results for the fire resistance and thermal insulation tests are explained by the
fabric materials, the fibrous structure, and the coating application.

Glass fibers improved the fire resistance and thermal insulation due the reduction
in thermal conductivity with temperature and a higher emissivity when compared with
basalt fibers.

Basalt fibers maintained the fabric’s integrity during longer due to their better me-
chanical properties at high temperatures.

The deformation of the SMM wires, introduced to create a 3D near-net-shape fibrous
structure, damaged the fabric by pushing aside the threaded fibers, thus creating openings.

The application of the coating contributed to an overall improvement of the product
and gave origin to a small amount of smoke at an earlier stage and mass loss.

4.1.2. Ignitability

The results show that the samples were non-flammable as they were neither damaged
nor ignited. This is an expected behavior due to the properties of the glass fiber that are non-
combustible. In terms of the difference in relation to the coating on the samples, the result
of the flame application was more visible as the coating burned, and, for the edge flame
attack in FNMIX2, the flame traveled to the top of the test specimen. However, the flame
did not actually propagate through the fabric; instead, it just burned through the coating,
thus not damaging the fabric. This behavior was due to the way the coating was applied in
this sample. In fact, as the SMM presence did not allow the normal application procedure,
the coating was applied with less uniformity through the fabric, which facilitated flame
propagation through the sample.

4.1.3. Smoke Production and Flaming Particles/Droplets

This section is organized into three parts. The first presents the results from the
uncoated samples, followed by the analysis of the coated samples. Finally, the third part
concerns the discussion about the coating performance.

For the smoke growth rate results analysis, it is necessary to keep in mind that there
are thresholds in the calculations. So, the data presented are only those which exceed them,
with the exception of SPRav(t) > 0.1 m? /s because, if this were to be considered, the amount
of data would be too small, which would limit the scope for discussion.

Uncoated samples:
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Amongst the uncoated samples, it is noticeable the poor result of sample 1 (worst),
which was constituted only by glass fibers. On the contrary, FN, which was constituted
of glass fiber at warp and weft but with the addition of SMM fibers, showed the best
results. This behavior may be explained by the severe deformation of the FN sample, which
prevented the direct flame application throughout the whole test. As for the samples with
basalt, 2 and 5, better results were obtained when compared with sample 1. This indicates a
possible advantage of the basalt fibers. In agreement with this, slightly better results were
obtained for 2, that with 100% basalt fibers at the weft, in comparison to 5, with 50% glass
fibers plus 50% basalt fibers at the weft. This observation for the basalt may be due to the
characteristics of the fabric production as different chemicals may be added to the basalt
fibers and to the glass fibers to improve the workability. This will result in a difference in
the smoke production between them.

Coated samples:

With the data for coated samples, the analysis is not as linear as for the uncoated ones.
Nevertheless, the best sample was the 2MIX2, which even achieved a SMOGRA index of
zero. As such, the conclusion could be similar to the uncoated ones with respect to the
lower amount of smoke caused by the basalt fibers. However, the poor result of sample
5MIX2 for the total smoke produced in the first 600 s of exposure, makes it difficult to
conclude that. Yet, due to such unstable data obtained for the sample 5MIX2, it is difficult
to prove such a comparison. Nonetheless, the conclusions are still the same for the smoke
production rate and smoke growth rate, where 5SMIX2 had the second-best value, right next
to 2MIX2.

Regarding the instabilities observed with the 5SMIX2 test, the cause may also be
attributed to the combustion process. In addition, the light transmission and detection
system could play a part in such observations.

Samples IMIX2 and FNMIX2 produced results in close proximity. This was expected
because both had similar composition in respect to the use of glass fibers. Nevertheless,
FNMIX2 yielded the best values of the two, as result of the deformation of SMM fibers in
the test specimen. This did not allow the correct measurement throughout the whole test,
even with the sample staying rightly clamped in the corner. This deformation also allowed
the flame to spread laterally.

Coating performance:

With respect to the coating performance, it can be seen that, unlike what one would
expect, all of the values obtained for the coating samples were lower than those from the
uncoated ones.

Bearing in mind the fire resistance test results, it was expected that the smoke caused
by the coating disintegration would be noticeable and have a negative effect on the test.
However, that did not happen, and the smoke production due to the coating was lower,
with a very small period of production. This did not cause any noticeable result, and the
coating may even have prevented the production of a large amount of smoke from the test
specimen causing the differences observed, thus improving the results in these tests.

The only noticeable negative effect of the coating application in this test was allowing
the flame to spread further by propagating throughout the coating itself, as it happened in
the ignitability test.

4.2. Comparative Analysis

In order to grade the designed solutions by their performance and decide the most
promising, so that they may proceed to certification and enter the fire curtains market,
a tool is necessary capable of gathering all the results and differentiating them by their
importance. To do so, first, all the tests on the fire curtains samples, including some for
mechanical performance, were gathered, and the most important evaluation criteria were
defined for each one. Then, a weight for each test was discussed and attributed, considering
the importance of each criterion for the fire curtain designation and performance.
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From the discussion, more weight was attributed to the tests related to thermal behav-
ior, with a special emphasis on that responsible for fire curtains characterization, giving a
total of 0.65. This was split into 0.45 for the fire resistance and thermal insulation, 0.10 for
the ignitability, and an additional 0.10 to smoke production. All the other experiments, of
mechanical and heat performance, were valued at 0.20 and 0.15, respectively.

With all this, a weight decision tree was created, that made it possible to calculate the
weight of each evaluation parameter according to its importance within the test and the
weight of it in relation to the others experiments.

Finally, a classification of the fire curtains samples, from 1 to 8 (because there are
8 samples), for each evaluation parameter was given, and this value was multiplied by
the respective weight. The completed matrix, with the weight and ranking, allowed us
calculating the final sum for each sample. These values can be seen in Table 6.

Table 6. Evaluation value obtained for each test sample.

5 FN 1IMIX2 2MIX2 5MIX5 FNMIX2

5.020

3.508

3.708 3.528 6.803 6.633 6.138 4.145

The best sample for fire curtains was 1IMIX2, followed by 2MIX2 and 5MIX2 with the
best values by far in relation to the others.

5. Conclusions

The thermal behavior characterization of fire curtain structures was used to evaluate
the performance of new innovative fire curtains, based on the utilization of a special
coating and possible use of basalt fibers reinforcement, depending on the desired attribute,
of insulation or integrity. Based on the work done on the development of fire curtains
application, several conclusions can be drawn.

The glass fiber provided good fire resistance together with better thermal insulation
than basalt fibers. This advantage is a direct consequence of the lower thermal conductivity
at high temperatures [22], and the higher emissivity of glass fibers [21]. However, the
smoke production is increased with its use, which may be the result of additives used to
facilitate the weaving.

The combination of glass and basalt fibers did not present significant improvements
in the thermal behavior, with the possibility that the low emissivity of the basalt fibers was
the dominant factor for this parameter.

The SMM fibers were used with the purpose of creating a 3D fibrous structure with
individual air pockets that would be used to reduce heat transfer, thus improving thermal
insulation capacity. However, in all the tests made, the deformation of the SMM did not
work as planned, damaging the fabric in the fire resistance test by pushing apart the glass
fibers. This chain of events pushed the structure out of the mounting position in the smoke
production test and not producing any advantage in the ignitability test. Overall, the
expected effect of the air pockets on the thermal behavior could not be properly evaluated
due to the wires’ excessive deformation.

The application of a fiber coating extended its integrity, hence increasing the thermal
insulation ability of the fabric.

With the comparison between the fire curtains developed in this work and the com-
mercially available (Commercial), it was possible to observe the small difference between
their thermal performance. The increasing of features observed throughout each of the
three Commercial curtains also resulted in an increase in performance. With only the fabric
in mind, the results indicated a better performance for sample 1 in relation to Commerciall,
which supports the choices made to the fabric itself. However, with the steel fibers and
coating application, Commercial3 surpassed sample Commercial2, which indicates that
improvements in the coating could be studied so that a greater difference may be obtained
from its application.
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