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Abstract

The growing importance of electric mobility has led to an increased demand for
safety technologies in the automotive sector, such as the flame retardancy of mate-
rials used for electric vehicles. The fire protection of a fully equipped rechargeable
energy storage system (REESS), including battery, housing, control electronics,
etc., against a fuel fire must be tested according to UNECE Regulation
No. 100 Annex 8E - Fire Resistance (UNECE-R100-8E). To pass this fire ret-
ardancy requirement, the flame retardancy of the housing materials is of great
importance. In this study, the flame retardancy of glass-fiber-reinforced polypro-
pylene (PP-GF) tape laminates containing the flame retardant magnesium hydrox-
ide and different GF amounts, as well as sandwich structures of these PP-GF tape
laminates with a polypropylene bead foam (EPP) core, are investigated by a limit-
ing oxygen index test, a UL94 test and a cone calorimeter test. Furthermore, a
newly developed approach of a bench-scale fuel fire test which simulates the fire
treatment of the UNECE-R100-8E on component level is used.
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module or even the entire battery pack may occur.) Beside
the propagation of a long and hot burning fire, explosions

The growing importance of electric mobility is causing
many changes within the automotive sector. One such
change is the increased demand for safety technologies,
especially for the rechargeable energy storage system
(REESS). Battery cells, which store the energy in a REESS,
are sensitive to thermal treatment. Even if just one battery
cell is damaged, a thermal runaway of the whole battery

and the release of toxic fluorine-containing gases and carci-
nogenic heavy metal particles are a major risk. The temper-
ature inside a REESS is therefore well controlled. To protect
the battery cells of a REESS in a post-car-accident fire, possi-
bly caused by a burning pool of car fluids, the REESS must
fulfill strict fire retardancy requirements. According to
UNECE Regulation No. 100 Annex 8E - Fire Resistance,m
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fully equipped REESS have to be tested in a fuel fire test.
During this fuel fire treatment and for a minimum of 3 h
afterwards, the REESS should show no evidence of explo-
sion. To meet these fire retardancy requirements, the fire
retardancy of the REESS housing material is of critical
importance.

For automotive applications, sandwich structures (SWs)
made of thermoplastic-fiber-reinforced face-sheet laminates
and thermoplastic-polymer-based cores offer significant
potential for weight saving, material performance and cost-
efficiency as well as easy recyclability.[3] Several
manufacturing methods for thermoplastic SWs are reported
in literature, and an overview is provided by Gruenwald
et al.*! Fusion bonding processes using the thermoplastic
properties to bond the face sheets to the core are of special
interest as no additional adhesives are required.[5 I Polypro-
pylene (PP) with glass-fiber (GF) reinforcement in combi-
nation with a PP foam core has been one of the most
commonly used material combinations for thermoplastic
SWs during the last two decades.**”! Accordingly, much is
known about their production and processing methods as
well as mechanical performance.

PP is a highly flammable polymer.® In order to ful-
fill fire retardancy requirements, flame retardants (FRs)
such as the endothermically active metal hydrates alu-
minium trihydroxide (ATH) and magnesium hydroxide
(MDH), gas-phase-active FRs and char-forming FR sys-
tems are incorporated.'®°! Due to cost-efficiency, metal
hydrates are often used for flame-retarded PP materials,
whereby the use of MDH ensures the required thermal
process stability.'®! Much is reported about the use of
flame-retarded PP, for example in wire and cable appli-
cations.'®! However, to the best of our knowledge little is
reported in the literature about the flame retardancy of
PP-GF-EPP SWs.

The aim of this study is therefore to provide detailed
insights into the flame retardancy of PP-GF-EPP SWs with
regard to application as a housing material for REESS. For

this purpose, the flame retardancy of PP-GF tape laminates
(TLs) and PP-GF-EPP SWs, both with a variation of the con-
tent of the FR MDH as well as the GF content, were studied
using the limiting oxygen index (LOI) test, the UL94 test
and the cone calorimeter test. Additionally, a bench-scale
fuel fire test was used to study the fire behavior of materials
based on the requirements of the UNECE-R100-8E test in a
material- and cost-efficient way.

2 | EXPERIMENTAL

2.1 | Material processing and sandwich
production

For the production of EPP, ARPRO 5195 (PP beads, size:
1.5-3.0 mm, bulk density: 88-102 g/L) from JSP was
used. Celstran® CFR-TP PP GF70-13 (PP continuous-
fiber [uni-directional] GF-reinforced composite, density:
1660 kg/m>, 70 wt% E-glass fiber, 0.25 mm tape thick-
ness) from Celanese was used as a tape for the production
of FR-free tape laminates. FR-containing tapes were
produced from GF TUFROV 4599 (e-glass fiber with
silane sizing, roving tex nominal: 2400 g/km, average
fiber diameter: 17 pum) from NEG, PP BJ100HP (PP
copolymer equipped with an additive package for opti-
mum coupling between polymer matrix and glass fibers,
MFR [230 °C/2.16 kg]: 90 g/10 min), density: 904 kg/m®)
from Borealis and the FR Mg(OH), ANKERMAG®-H5
from Magnifin. The reference tape laminate (TL Ref) was a
GF-PP from ElringKlinger, Germany with a fiber content
of 80 wt%.

2.1.1 | Tape production
FR-modified unidirectional continuous-fiber-reinforced
PP tapes are produced by melt impregnation. The

FIGURE 1 Production of T-FR
containing 50 wt% FR within PP and
60 wt% GF
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TABLE 1 Tapes used in this study # Supplier Fiber content/wt% MDH content/wt% within PP
T-NFR Celanese 70 0
T-FR Self-made 60 50
TABLE 2 TLs of this study TABLE 3 SWs produced by fusion bonding
FR-containing FR-free FR- FR- Core
# tape layers tape layers # containing TL free TL material
TL (0*-4) — 4x T-NFR SW (0%-4) — TL (0*-4) EPP
TL(1*-3) 1x T-FR 3x T-NFR SW (4*-0) TL (4*-0) = EPP
TL (2*-2) 2x T-FR 2x T-NFR SW Ref — TL Ref EPP
TL (1*-2-1%) 2x T-FR 2x T-NFR
TL (1*-1-1*-1) 2x T-FR 2x T-NFR
TL (3%1) 3x T-FR 1x T-NFR Vacuur'n with an absolute pressure of 1000 Pa is applied.
TL (%) i T-FR B For this purpose, the lay-ups are Placed betw.een .two
IR-transparent tool walls. For thickness calibration,
1L et Sl T v Bl e spacers with a cavity size of 500 x 500 mm® and a

reinforcing GF rovings are pulled off the pay-off creel
and fed into a static spreading unit. After passing through
the spreading unit, the fibers are pulled through the
impregnation die where the thermoplastic melt is
brought into contact with the fibers. The impregnated
fibers then pass a chill roll system (see Figure 1). The
final tape obtained is wound onto a cardboard core for
further processing. The tape produced and the tapes used
in this study are given in Table 1.

2.1.2 | Tape laminate production

For the production of the tape laminates (TLs) the
Fiberforge automated tape laying process (ATL) from
Dieffenbacher was used. Four layers of tape with an ori-
entation of 0/90/0/90 were stacked and spot-welded to
obtain the predefined lay-ups. For the different combina-
tions within the TLs the following nomenclature is used:
TL(x*-x), in which x* is the number of tapes containing
FR and x is the number of tapes without FR. Further-
more, the chronological order describes the position of
the layers within the laminate, for example, TL(1*-3)
denotes that the tapes used in first layer (surface of the
later produced SW) are flame retarded and layer two to
layer four contain no FR.

For the TL production, tapes were cut in length and
placed adjacent to each other. Subsequently the lay-ups
were consolidated using a radiation-induced vacuum
consolidation process (RIVC). This process uses infra-
red radiation to heat the lay-ups above the melting tem-
perature of the polymer while at the same time a

thickness of 1 mm were used. The consolidation tem-
perature was 175 °C. Solidification was achieved using
contact cooling. TLs with an area of 400 x 400 mm?
and a thickness of 1 mm were produced. Table 2 shows
the TLs of this study.

2.1.3 | PP bead foam (EPP) production

A 200 kg/m?® of PP bead foams (EPP) were produced by
sintering ARPRO 5195 using an Erlenbach - EHV
670/570 steam chest molding unit with a 500 x 500 x
10 mm? tool. The EPP is dried at 80 °C for 4 h before
further processing by hot wire cutting into
400 x 400 x 10 mm® plates.

214 |
bonding

Sandwich production by fusion

SWs were produced by a modified RIVC process.
400 x 400 x 1 mm? tapes were placed above and below
an EPP core of 400 x 400 x 10 mm?. The fiber orienta-
tions of the tapes were mirrored to the sandwich core.
The SWs were produced at a vacuum pressure of 80 kPa
and a joining temperature of 150 °C using 12 mm spacers
(see Table 3, Figures 2 and 3).

2.2 | Characterization

Test specimens were obtained by wet abrasive grinding
using a MS200 cutting machine from Vibrationstechnik,
Germany.
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FIGURE 2

Face sheet production

PP-GF tape production ':>
UD-tape

UD-tape layup UD-tape laminate

Tape-laying E>Tape laminate consolidation

FIGURE 3

Sandwich production — Process overview

221 | Limiting oxygen index

The LOI value was measured using an oxygen index
module from FIRE according to DIN EN ISO 4589-2
standardized procedure. The sample size was type III
(80 x 10 x 1 mm?).

222 | UL%4
The UL94 V test was performed with a UL94 Test Device
from WAZAU, Germany according to the UL94 standard
using 13 x 125 x 3 mm® samples. In the UL94 test, a
50 W Bunsen burner is applied two times for 10 s each
on a test specimen.

2.2.3 | Cone calorimeter ISO 5660-1

Cone calorimeter measurements were taken using an
ISO 5660-1 device from WAZAU. The sample size was
100 x 100 mm? (thickness depending on plate or sand-
wich thickness), with three samples tested for each

\ sealing

Sandwich production by fusion bonding. Left: Process diagram; Right: SW plate

Foam core production

Fusion bonding PP-foam core production

Sandwich Bead foam core

material. The samples were wrapped in aluminium foil
and positioned horizontally at a distance of 25 mm
from the cone base heater plate, where a heat flux of
35 kW/m? was applied. The data were recorded in incre-
ments of 1 s.

2.24 | Bench-scale fuel fire test

A laboratory flammability test stand developed by
Riittgers Organic GmbH to test intumescent coatings
was modified using a 170 x 170 mm? steel pan filled
with 60 ml of petrol (Super 95 E5, DIN EN 228, ROZ
95) to create a fuel fire for about 120-130 s. The dis-
tance between the steel pan and the surface of the
test specimen was about 300 mm. 190 x 190 mm? test
specimens, mounted on a steel test specimen holder,
were used. The temperature of the reverse side of the
test specimen was measured by a surface thermo
probe (K type, measurement range —50 °C to +650 °C)
from B & B Thermo-Technik and recorded in increments
of 1 s. Figure 4 shows the bench-scale fuel fire test
bench.
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3 | RESULTS AND DISCUSSION

3.1 | Flame retardancy of PP-GF tape
laminates (TLs)

PP-GF TLs form the cover layers of the SW. In the event
of a fire, the external TLs are the first to be affected
directly by the fire and heat. To study the influence of
flame-retarded tape layers containing the FR MDH on
the flame retardancy of a TL containing four tape
layers, tape layers with different layer structures were
tested.

Table 4 shows the LOI and UL94 test results of the
PP-GF TLs. The flame retardancy of the TL increases,
indicated by a rising LOI value, with increasing numbers
of flame-retarded tapes. However, the LOI value of TL
(4*-0), which contains four flame-retarded tapes, is lower
than that of TLs containing three or two flame-retarded
layers. Unexpectedly, TL (1*-2-1*) and TL (1*1-1*1)
show the highest LOI values.

During the LOI test, a loss of structural integrity is
observed. After the polymer is pyrolyzed, the individual
fibers are visible. The fibers no longer stick together and
fan out. The PP polymer matrix pyrolyzes completely and
the remaining GFs lose their integrity. It is assumed that
the remaining FR exacerbates this loss of structural integ-
rity, whereas FR-free tape layers enhance the structural
integrity. TL (4*-0) therefore shows a lower LOI value
than TL (3*-1) and TL (2*-2), and the TLs with alternat-
ing tape layer structures TL (1*-2-1*) and TL (1*-1-1*-1)
show the highest flame retardancy.

The loss of structural integrity is also observed during
the vertical UL94 test. In the UL94 test, the PP polymer
matrix is pyrolyzed completely, whereby the remaining
GF structure falls apart. All TLs fail the UL94 test. The
UL94 test set-up is currently often used for the develop-
ment of materials for REESS. However, it is assumed that
neither the UL94 test set-up nor the LOI test set-up are
suitable to develop and investigate the flame retardancy
of REESS materials, especially REESS made of thermo-
plastic material.

FIGURE 4 Bench-scale fuel fire test
bench. Left: Test bench; Right: Test
specimen (SW with additional internal
thermocouples) mounted into a steel test
specimen holder

Besides the LOI and UL94 tests, cone calorimetry
tests were performed. Table 5 shows the results of the
cone calorimetry tests on the PP-GF TLs. In contrast to
flame treatment parallel to the specimen cross-section as
in the LOI and UL9%4 test, the heat treatment of the cone
heater occurs on the surface of the PP-GF TL. Due to the
horizontal test set-up, a loss of structural integrity caused
by polymer pyrolysis as well as the detachment, fan out
and falling off of the exposed fibers is minimized.

Time to ignition (TTI) and time of afterflame
(Afterflame) of the TLs are slightly increased by flame-
retarded layers but do not change when different num-
bers of flame-retarded layers are used. However, the peak
heat release rate (pHRR), the total heat release (THR)
and the total smoke release (TSR) decrease significantly
with increasing numbers of flame-retarded tape
layers. Considering all three of these measures, TL (3*-1),
with three flame-retarded layers, shows a significantly
improved flame retardancy. Compared to the FR-free TL
(0-4*), TL (3*-1) reduces the pHRR by 54%, the THR by
26% and the TSR by 25%. The completely flame-retarded
TL (4*-0) improves the flame retardancy some more by
reducing the pHRR by 59%, the THR by 36% and the TSR
by 44%. Based on the HRR curves of the TLs given in
Figure 5, three main observations are made:

TABLE 4 LOI and UL94 test results of the PP-GF tape
laminates (TLs)

# LOI/0,% UL94 results
TL (0*-4) 19.1 + 0.38 n.c.
TL (1*-3) 20.1 + 0.38 nc.
TL (2*-2) 21.4 + 0.38 n.c.
TL (1*-2-1%) 22.1 +0.38 n.c.
TL (1*-1-1*-1) 24.6 + 0.38 n.c.
TL (3*-1) 21.9 +0.38 n.c.
TL (4*-0) 20.8 + 0.27 n.c.
TL Ref 20.9 + 0.38 n.c.

Note: n.c., not classified by the UL94 test due to strong burning.
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heater (cone heat flux of 35 kW/m?)

Cone calorimetry test results of the PP-GF tape laminates (TLs); FR-containing layer(s) of the TL are oriented to the cone

# TTI/s Afterflame/s  pHRR/kW/m’  Time of pHRR/s  THR/MJ/m®>  TSR/m?’/m?  Residue/%
TL (0*-4) 34+2 272 + 59 312+ 5 78 199 +0.5 124 + 16 69.0 + 0.7
TL (1*-3) 40+1 236 + 72 314 + 5 104 17.8 + 0.5 111 + 19 71.1 + 0.4
TL (2*-2) 40+3 264 + 49 224 + 25 117 152+ 0.4 116 + 31 71.7 £ 1.2
TL (3*-1) 39+3 296 + 74 143 + 7 plateau 14.7 + 0.7 93 +19 71.7 + 1.7
TL (4*-0) 41+ 3 252+ 6 128 + 4 plateau 12.8 +0.2 69 + 34 74.6 £ 2.0
TL Ref 33+4 215 + 31 245 +9 63 14.0 + 1.0 102 + 8 78.0 + 0.8
7 FIGURE 5 Comparison of heat
| TL (0 *_4) release rate (HRR) measurements of PP-
*_ GF tape laminates (TLs) and effect of FR
o | TL(0*-4) TL (1*-3) — TL(1*-3) pe- (TLs) &
N layers; 1: Increase of the time needed to
§ TL (2 '2) reach pHRR, 2: Reduction of the HRR,
—— TL (3*-1) 3: HRR plateau formation (125 kW/m*
— TL (4*_0) marker)
*_
" TL R¢f \T" (2*-2) ——— TLRef
§ 200
- 4
-~
£ (3*-1)
TL (3*-1
I
1 ! 3)=
100 TL (4*-0)
g T T T |
0 60 120 180 240 300 360
Time /s
1. Increase of the time needed to reach pHRR: The tape layers of the TL. Both TL (0*-4) and TL (1*-3)

time needed to reach pHRR increases with increasing
numbers of flame-retarded tape layers of the TL. The
time of pHRR is 78 s for the FR-free TL (0*-4) and
increases to 104 s for TL (1*-3), and 117 s for TL (2*-2).
TL (3*1) and TL (4*-0) show no pHRR. Rather, a
pHRR plateau of about 125 kW/m? is observed in the
time interval from 65 s to 160 s. It is assumed that a
stepwise pyrolysis of the tape layer takes place. Due to
the reduced amount of pyrolyzable polymer material
within the flame-retarded tape layers, the pHRR is
observed as soon as the FR-free tape layer starts to ther-
mally decompose. With increasing numbers of flame-
retarded tape layers on top of the FR-free tape layers,
the time needed to reach the pHRR increases.

Reduction of the pHRR: A reduction of the pHRR is
observed with increasing numbers of flame-retarded

show a pHRR of about 313 kW/m? Two flame-
retarded layers lead to a pHRR of 224 kW/m?
(TL [2*-2]). TL (3*-1) and TL (4*-0) show a HRR pla-
teau of about 125 kW/m?. The amount of FR, as well
as FR effects and the resulting lower content of PP,
are responsible for these observations.

HRR plateau formation: The formation of a HRR
plateau at about 125 kW/m? is observed with increas-
ing numbers of flame-retarded tape layers in the
TL. TL (1*-3) with one flame-retarded layer shows a
weak local shoulder at about 70 s. For TL (2*-2), a
local maximum is observed at 82 s. TL (3*-1) and TL
(4*-0) show an overall HRR plateau in the time inter-
val from 65 s to 160 s with two or three local maxima.
Based on these results, a TL with a four-tape layer,
consisting of three flame-retarded tape layers, seems
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sufficient to suppress the occurrence of a HRR peak.
The formation of a HRR plateau is typical for a ther-
mally thick charring material.!'*! As the FR-free lami-
nate shows no HRR plateau but only a single HRR
peak, a normal combustion reaction of the PP poly-
mer of all four layers is assumed. By the incorporation
of FR-containing tape layers, thermal barrier layers
are formed during the burning process. The formation
of a HRR plateau with several local maxima indicates
for each local minimum the formation and for each
peak the successive destruction of thermal barrier
layers.

Similar observations are made for the reference material
TL Ref. The time needed to reach the pHRR is not
reduced. Instead, the pHRR of TL Ref is observed 15 s
earlier (at 63 s) than that of the FR-free TL (0*-4). Due to
the higher a GF content and the lower amount of flam-
mable polymer material, the pHHR and the THR of TL
Ref are lower than the pHRR and THR of TL (0*-4). TL
Ref shows no plateau formation as no flame-retarded
tape layers are incorporated.

3.2 | Flammability of the sandwich
structures

To investigate the flame retardancy of PP-GF-EPP SW,
three different SWs are used - one SW with FR-free TLs
(TL (0*-4)), one SW with fully flame-retarded TLs
(TL (4*-0)) and one SW with increased GF content
(TL Ref). Table 6 shows the LOI and UL94 test results.
The EPP foam core dominates the flaming behavior of
the LOI and UL94 test specimen. A slight increase of the
LOI value from 18.3 O,% to about 19.4 O,% is observed
for the SW structures compared to the TL-free EPP foam.
However, the use of flame-retarded TLs as well as the use
of a higher amount of GF (TL Ref) do not influence the
LOI value. Due to the vertical test flame set-up of the
UL94 test with flame penetration of the SW cross section,
none of the SW specimens passed the UL94 test. As
already mentioned, it is assumed that neither the UL94
test set-up nor the LOI test set-up are suitable to investi-
gate the flame retardancy of REESS materials.

The results of the cone calorimeter test with heat
treatment of the specimen surface of EPP and of the SWs
are shown in Table 7. Compared to the TLs, EPP foam
shows complete pyrolysis with a short TTI of 15s and a
high pHRR of 626 kW/m?.

Figure 6 shows the HRR measurements of the PP-GF-
EPP SWs.

Based on the HRR curves, the following main effects
caused by the flame-retarded TLs are observed:

PROFESSIONALS

TABLE 6 LOI and UL94 test results of the PP-GF-EPP
sandwich structures (SWs)

# LOI/0,% UL94 results
EPP 18.3 +£0.27 n.c.
SW (0*-4) 19.3 + 0.27 n.c.
SW (4*-0) 19.5 +£ 0.40 n.c.
SW Ref 19.3 + 0.48 n.c.

Note: n.c., not classified by the UL94 test due to strong burning.

1. Increase of TTI: Due to the use of flame-retarded
TLs, the TTI observed for SW (4*-0) increases by 13 s
(32%). An increase of TTI due to flame-retarded TLs
was already observed in the cone calorimeter mea-
surement of the TLs.

2. Reduction of the pHRR of the external surface
TL: The pHRR of the external surface TL (first local
maximum) is 230 + 15 kW/m? for SW (0*-4) and 99
+9 kW/m? for the flame-retarded SW (4*-0). The
reduction of the pHRR of the external surface TL is
about 57% (131 kW/m?). This effect is similar to the
reduction of the pHRR of the TLs which is about 59%
for TL (4*-0) compared to TL (0*-4). However, no step-
wise decomposition with two to three peaks and no
formation of a peak plateau are observed for the ther-
mal decomposition of the external surface layer of SW
(4*-0). It is assumed that the thermal decomposition
of the lower TL layers and the EPP occurs at the same
time. The external TL of SW (4*-0) decomposes with
one single decomposition peak with a peak shoulder.
It is assumed that the thermal insulating effect and
the beginning of the decomposition of the EPP foam
core is responsible for this effect.

3. Increase of TTI of the EPP foam core: The flame-
retarded TL affects the thermal decomposition of the
EPP. The local HRR minimum between the pHRR of
the external surface TL and the pHRR of the EPP
foam core is 157 + 25 s for SW (0*-4) and 164 + 18 s
for SW (4*-0). However, the following HRR rise seems
to be more meaningful, for example, exceeding the
125 kW/m? HRR value (plateau of TL (4*-0)) after the
PHRR of the external surface TL. SW (0*-4) exceeds
the 125 kW/m? HRR value at 199 + 22 s whereas SW
(4*-0) exceeds this value about 2 min later at 331
+ 10 s (+66%).

4. Reduction of the pHRR: Due to the use of flame-
retarded TLs, the pHRR for SW (4*-0) is reduced by
38 kW/m? (13%).

Beside these effects, the observed THR of SW (0*-4) is
slightly (6.5 MJ/m?) lower than the sum of the THR of
EPP and two times the THR of TL (0*4) (total:
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TABLE 7 Cone calorimetry test results of the PP-GF-EPP sandwich structures (SWs)
# TTI/s Afterflame/s pHRR/KkW/m? THR/MJ/m? TSR/m?/m? Residue/%
EPP 15+3 425 + 57 626 + 34 76.0 + 3.3 656 + 44 0.7 £ 0.9
SW (0*-4) 41 + 7 846 + 91 291 + 40 109.3 + 3.8 1169 + 93 47.2 + 0.8
SW (4*-0) 54+7 1081 + 80 253 £ 29 107.7 £ 2.4 1066 + 240 44.8 £ 0.7
SW Ref 38+ 2 869 + 101 284 + 28 104.5 + 1.2 1154 + 82 50.4 + 0.4
] FIGURE 6 Comparison of heat
i — SW (0*-4) release rate (HRR) measurements of PP-
SW (0*-4 GF-EPP SWs and the effect of FR layers;
. ( ) | s SV (4%*-0) . y
f 1/2: Increase of TTI and reduction of the
. SWRe pHRR of the external surface TL; 3/4:
) Increase of TTI and reduction of the
pHRR of the EPP foam core
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115.8 MJ/ mz), whereas the observed THR of flame-
retarded SW (4*-0) is slightly (6.1 MJ/m?) higher than the
sum of the THR of EPP and two times THR of TL (4*-0)
(total: 101.6 MJ/m?). It is assumed that the TL of the
external surface (oriented to the cone heater) decomposes
completely due to the burning EPP (increase of the THR
of SW (4*-0)). The THR, the TSR and the residue of SW
(0*-4) and SW (4*-0) are of the same order of magnitude.

In comparison to SW (0*-4), the SW Ref material with
a higher amount of GF shows an earlier TTI, a slightly
lower pHRR for the external surface TL as well as for the
EPP foam core, and a similar THR and TSR. The TTI of
the enclosed EPP foam core is increased.

3.3 | Bench-scale fuel fire test

PP-GF-EPP SWs are of interest for applications as
housings for REESS of electric vehicles. The UNECE Reg-
ulation No. 100 Annex 8E - Fire Resistance!?! (UNECE-
R100-8E) describes the fire resistance test which has to

be passed by REESS used in a vehicle. It simulates a fuel
fire from outside of a vehicle flaming the REESS. In the
UNECE-R100-8E test, a fuel fire is applied to the REESS
for about 130 s. Test criterion: During this fuel fire treat-
ment and for a minimum of 3 h afterwards, the REESS
must show no evidence of explosion.

For the development of REESS housing materials
and related processing, the test of a fully equipped
REESS for each material and process configuration is
too costly in terms of use of material and production
effort. A bench-scale fuel fire test was therefore used to
simulate the fire behavior of materials based on the
UNECE-R100-8E test. In this bench-scale fire test, a
fuel fire of commercial petrol was applied for 120-130 s
to test specimens made from TLs and SW plates. To
prevent a deformation, which could cause the specimen
to fall into the fuel pan during the test, the test speci-
mens were fixed in a steel frame. This test set-up is not
validated for the UNECE-R100-8E test, but allows the
investigation of several important burning characteris-
tics of the specimens:
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TABLE 8 Bench-scale fuel fire test results of PP-GF tape laminates (TL)

#]= INSPIRING SPE 113
W PRORESS POLYME RS_WI LEYJ—

PROFESSIONALS

# Reverse side ignited Mass loss/% I rvesyseran g G t Of Tpyax/S
TL (0*-4) a Yes (after 79 s) 25.6 480.5 79
TL (0*-4) b No 21.8 484.4 84
TL (1*-3) a Yes (after 80 s) 24.4 454.3 80
TL (1*-3) b Yes (after 76 s) 22.2 474.7 76
TL (2*-2) a No 17.8 457.2 91
TL (2*-2) b No 19.2 477.6 95
TL (1*-2-1%) a No 15.3 501.8 91
TL (1*-2-1%) b No 15.1 510.5 92
TL (1*-1-1*-1) a No 14.4 433.9 102
TL (1*1-1*1) b No 14.5 401.7 88
TL (3*-1) a No 16.3 441.7 103
TL (3*1)b No 16.6 497.9 88
TL (4*-0) a No 18.9 498.9 95
TL (4*-0) b No 18.8 500.8 94
TL Ref No 16.1 503.7 88
TL Ref No 16.0 516.3 83
EPP Yes (after 68 s) 100 189.9 68

500 -
400
v
]
~
% oo FR Mg(OH),
% starts to decompose
o}
Q
£ 2004
=
—— TL (0*-4)
Uy —— TL (4*-0)
—— TL Ref
0 T T 1
0 60 120 180

Time /s

FIGURE 7 Temperature profile (mean value) of the specimen
reverse side of TL (0*-4), TL (4*-0) and TL ref measured by the
bench-scale fuel fire test

1. Self-extinction: Self-extinction of the specimen indi-
cates whether the material is able to extinguish by
itself or if the material continues to burn after the
120-130 s fuel fire treatment. An open fire near a
damaged and thermally treated REESS is a risk. Gases
generated from components in the REESS, which can
be flammable, are released by the damaged REESS
structure or intentionally by the pressure relief valve
of the REESS. For this reason, materials with low

2.

afterflame time or self-extinction properties are
preferable.

Ignition of the reverse side of the specimen: The
test set-up of the bench-scale fuel fire test does not
allow an easy ignition of pyrolysis gases released
from the reverse side of the specimen. Ignition of the
back of the sample therefore indicates that the flame
has penetrated the sample from the fire side. To pro-
tect the critical components, systems and sensors
inside the REESS from fire, REESS housing mate-
rials should not show any breakthrough of the
flame, and therefore in the bench-scale fuel fire test
no ignition should occur on the reverse side of the
specimen.

Structural integrity: Material used for REESS hous-
ing should retain their structural integrity during and
after the fuel fire treatment. Especially the entire dis-
integration (e.g., formation of holes) of the material
should be prevented. However, actual mechanical
stress of the REESS during the UNECE-R100-8E test
(e.g., pressure from the inside of the REESS) is not
represented by the bench-scale test set-up.

Mass loss: The mass loss indicates how much mate-
rial is lost by both the decomposition of the material,
dripping (for example from molten parts), and the
dropping off of looser char layers or GFs. It also indi-
cates the formation of protective layers, for example
caused by a FR, and the protection against degrada-
tion and decomposition of the deeper layer.

85UB017 SUOWWOD BRI 3(dedl|dde 8Ly Aq peusenob ae Sa(olie YO ‘8sN JO Sa|nJ 10} ARiq1T8UIIUO AB]IM UO (SUONIPLOD-PLE-SWLBY WD A8 | 1M AReid Ul [Uo//Sdny) SUORIPUOD pue swie | au8es *[£202/20/70] Uo Afeiqiauliuo A8 (1M BuIyDsURILe0D A 8900T 'ZSId/Z00T 0T/I0p/W00" A8 1M AIq Ul |uo'SUD Tedl gndedsty//Sdiy Wwo.j pepeo|umod ‘g ‘2202 ‘LS8E0692



2 | WILEY-FF 5. fotmers
TABLE 9 Bench-scale fuel fire test results of PP-GF-EPP sandwich structures (SWs)
# Mass loss/% Nirevasmare sl © t of Tyax/S
SW (0%-4) a 5.6 80.2 357
SW (0%-4) b 5.9 86.8 315
SW (0*-4) ¢ 6.1 83.4 323
0 5.9 +0.25 83 + 3.3 332 +22
SW (4%-0) a 45 80.3 383
SW (4%-0) b 4.7 72.7 375
SW (4*-0) ¢ 4.7 76.8 389
0 4.6 +0.12 77 + 3.8 382+7
SW Refa 44 88.0 338
SW Ref b 4.5 85.8 325
SW Refc 4.5 78.8 308
0 4.5+ 0.6 84 +4.8 324 + 15
100 - = , , :
- o as low as possible. It is assumed that this temperature
° should under no circumstances exceed the boiling
80 4 point of the REESS liquids, especially that of the often
flammable electrolyte.
O
g %01 Table 8 shows the bench-scale fuel fire test results of the
§ SW (0*-4) TLs and EPP foam. Two specimens were tested from each
2 40+ — SW (4*-0) material. The EPP foam burns completely. After 68 s, the
i —— SW Ref fuel fire breaks through the EPP specimen and ignites
the reverse side of the specimen. At this moment, the
09 specimen reverse side temperature is 190 °C. Of all the
TLs, only the FR-free TL (0*-4) and TL (1*-3) with one
o4— FR-containing tape layer show a fuel fire breakthrough.

T T T T T T T T T T T T T T T T T 1
0 60 120 180 240 300 360 420 480 540 600
Time/s

FIGURE 8 Temperature profile (mean value) of the specimen
reverse side of SW (0*-4), SW (4*-0) and SW ref measured by the
bench-scale fuel fire test. 1: Delay of the reverse side

temperature rise

5. Temperature of the reverse side of the specimen:
The inside temperature of a REESS is of particular
importance. If the battery cells of the REESS become
too hot, a thermal-runaway of the REESS can be trig-
gered. It is assumed that an inside temperature above
80 °C leads to irreversible damage of the cells for
example, by the decomposition of the electrolyte.
Above 120 °C, the release of decomposition gases
occurs and the thermal-runaway is most likely trig-
gered. Since it must be assumed that the temperature
control systems of the REESS are damaged and off-
line during a real fire (post-car-accident fire), the tem-
perature of the reverse side of the specimen should be

TLs with two, three or four flame-retarded tape layers
resist the fuel fire.

As regards the mass loss of the TL, a decrease
occurs when the number of flame-retarded tape layers
is increased to one and two. However, the TLs con-
taining three and four flame-retarded tape layers
show a mass loss increase in comparison to the TLs
with two flame-retarded tape layers. The lowest mass
loss of 14.4 +0.1% is observed for TL (1*1-1*-1).
TL (1*-1-1*-1) also shows the lowest temperature max-
imum of the specimen reverse side of 418 + 16°C. The
Tnax.reverse side Of the other TLs is in the range of 442-
511 °C. As already described for the LOI value, TL
(1*-1-1*-1) shows the highest LOI value/flame ret-
ardancy, and it is assumed that the FR-free tape layers
enhance the structural integrity of the TL during the
burning process.

Figure 7 shows the temperature profile of the speci-
men reverse side of TL (0*-4), TL (4*-0) and TL Ref. Com-
pared to the FR-free TL (0*-4), the fully flame-retarded
TL (4*-0) shows a delayed temperature increase above
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TABLE 10

912 INSPIRING SPE 115
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Bench-scale fuel fire test results of PP-GF-EPP sandwich structures (SWs) equipped with additional thermocouples between

the external surface layer and the EPP foam core (T;) and between the EPP foam core and the TL of the reverse side (75)

# Afterﬂame/ S Mass IOSS/ % Tmax,ll °C (tmax,ll S) Tmax,Z/ °C (tmax,Z/ S) Tmax,reverse side/ °C (tmax,reverse side/ S)
SW (0*-4)a 36 6.3 347.4 (102) signal lost 75.7 (338)
SW (0*-4)b 33 6.6 449.4 (112) 109.3 (340) 79.5 (341)
SW (0*-4)c 24 6.9 412.4 (101) 109.0 (313) 80.5 (315)
SW (0*-4)d 19 6.9 393.9 (97) 107.9 (314) 80.2 (326)
0 28 +7.9 6.7 +0.29 401 + 42 (103 + 6) 109 + 0.7 (322 +15) 79 + 2.2 (330 + 12)
SW (4%-0)a 14 44 420.2 (109) 99.5 (350) 76.2 (387)
SW (4*-0)b 4 49 430.0 (109) 104.8 (361) 80.1 (370)
SW (4%-0)c 3 49 339.8 (112) 100.9 (362) 78.4 (396)
SW (4*-0)d 11 46 335.9 (106) 107.5 (347) 82.7 (365)
0 8+54 4.7 +£0.24 381 + 51 (109 + 2) 103 + 3.7 (355 + 8) 79 + 2.7 (380 + 14)
500 120
1 —— SW (0*-4)
] —— SW (4*-0) 100 ]
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<2
Y ] 5 80
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FIGURE 9 Right: Temperature profiles of the thermocouples between the TL exposed to fire and the EPP foam core (1), between the

EPP foam core and the TL of the reverse side of the SW (2) and at the reverse side of the SW (3) measured for SW (0*-4) and SW (4*-0) in the
bench-scale fuel fire test. Left: Enlargement of the temperature profiles of thermocouple (2) and thermocouple (3)

375°C. TL (4*-0) reaches the Tpaxreverse side about 13 s
(after 95 + 1 s) later than TL (0*-4). The intended effect
of a delayed temperature rise is achieved by using the FR
MDH. It is assumed that a flame-retardant effect of MDH
by cooling caused by endothermic decomposition is respon-
sible for this. However, the observed Tiaxreverse side
of TL (4*-0) with 500 + 1 °C is 17 °C higher than the
Timax.reverse side Of TL (0%-4). Compared to TL (0*-4), TL Ref
initially heats up faster at temperatures above 375 °C. Tax,
reverse sides NOWeVer, is reached at the same time as for TL
(0*-4). The Tiaxreverse side Of 510 + 6 °C of TL Ref is the
highest of all tested TLs. Based on these observations, a
higher content of inorganic and thermally stable materials
like GFs (TL Ref) and MDH (TL (0*-4)) leads to higher

Tmax,reverse side-

The increase of the inside wall temperature of the
housing material to about 500 °C within 90 s seems to be
a major risk for the REESS. However, TLs are not sup-
posed to be used without a core material for structural
parts like the housing of a REESS. Nevertheless, the core
material must withstand this high-temperature treat-
ment. A slow temperature rise and a low Ty, of the
reverse side are preferable. Especially for the slower tem-
perature rise, the fully flame-retardant TL (4*-0) has a
slight advantage.

The bench-scale fire test results of three specimens
each from the FR-free SW (0*-4), the FR MDH- con-
taining SW (4*-0) and the reference SW Ref are shown in
Table 9 and Figure 8. For all three SW5s, a low maximum
temperature of the test specimen reverse side in the range
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of 70-90 °C is observed. The flame-retarded tape layer
containing SW (4*-0) shows the lowest Tyax reverse side Of
76.6 + 3.8 °C. This temperature is reached after
382 + 7 s, which is about 51 s later than SW (0*-4). The
intended effects of a delayed temperature rise and a lower
Tmax reverse side are achieved using the FR MDH.

In comparison to SW (0*-4), SW Ref shows no differ-
ences in Thax reverse side Which is 84.2 + 4.8 °C and in the
time this temperature is reached which is 324 + 15 s. The
GF content of the TLs therefore seems to have a slight
influence on the overall fire behavior of the SWs.

A lower mass loss is observed for both SW (4*-0)
and SW Ref due to the reduced overall amount of PP.
Based on these observations, the incorporation of a FR
into the SW structure is more efficient to lower the
inside temperature of a REESS in the event of an exter-
nal fire than an increase of the fiber content or a
decrease of the flammable polymer content. The tem-
perature inside the REESS also rises more slowly for
the flame-retarded SW (4*-0), as indicated by Figure 8
(marking 1). In the event of an external fire, heat con-
trol systems inside the REESS (if functional) are able to
dissipate thermal energy for a longer period. The
increase in the inner wall temperature of the housing
material to 90 °C within 5 min observed for SW (0*-4)
and SW Ref should, however, also represent a low risk
for the REESS.

To measure the inside temperatures of the SWs dur-
ing the fuel fire treatment, SWs were equipped with two
fine thermocouples within the sandwich melt-joining
process. One thermocouple is located between the TL
exposed to the fuel fire and the EPP foam core, and the
other between the EPP foam core and the TL on the SW
reverse side. The measurement point of both thermocou-
ples is in the center of the SW plate. Table 10 and
Figure 9 show the bench-scale fuel fire test results of SW
(0*-4) and SW (4*-0). Four specimens of each material
were tested.

The observed maximum temperature of each thermo-
couple is of the same order of magnitude for both the FR-
free SW (0*-4) and the fully flame-retarded SW (4*-0).
For SW (0*-4), average values of Tpay1: 401 + 42 °C,
Trmax2: 109 + 0.7 °C and Tiax reverse side: 79 + 2.2 °C are
observed. For the fully flame-retarded SW (4*-0) a Tpax1:
381 + 51 °C, Thmaxa: 103 +3.7°C and Taxreverse side:
79 + 2.7 °C are measured. Especially the Ty, of the
thermocouples between the EPP foam core and the TL of
the reverse side (T,) show the thermal insulation capabil-
ity of the EPP foam even during the fire. As is clear from
the standard deviations, the measured values of the ther-
mocouple between the TL exposed to fire and the EPP
foam core (T,) vary greatly and are prone to errors, since
the signal or material contact is lost.

However, the temperature rise is slower in case of the
flame-retarded SW (4*-0). SW (4*-0) reaches Ty, after
109 + 2.4 s, Thaxo after 355+ 7.6 s and Tiax reverse side
after 380 + 14.5 s, whereas the FR-free SW (0*-4) reaches
Tmax1 after 103 + 6.4 s, Tiaxo: after 322 +15.3 s and
T'max reverse side after 330 + 11.9 s.

In addition to the less favorable temperature rise
behavior, the FR-free SW (0*-4) shows a reduced self-
extinction indicated by an afterflame of about 19-36 s.
In contrast, the flame-retarded SW (4*-0) extinguishes
after 3-14 s. A correlation between T,,., and the time of
afterflame is not observed.

As expected, the mass loss of SW (0*-4) is higher than
the mass loss of SW (4*-0).

4 | CONCLUSIONS

In this study, the flame retardancy of continuous-
GF-reinforced PP (PP-GF) tape laminates (TLs) with dif-
ferent structures of the four-tape layers - used also in
SWs containing two PP-GF TLs and one PP bead foam
core (PP-GF-EPP SW) - are investigated by LOI, UL94,
cone calorimeter tests and a bench-scale fuel fire test.
Three SWs are investigated - one SW with FR-free TLs,
one SW with fully flame-retarded TLs (FR: Mg(OH),)
and one SW with increased GF content. These SWs are
intended for use as housing materials for rechargeable
energy storage systems (REESS) in electric vehicles.

The LOI and UL94 tests do not provide clear informa-
tion regarding the burning behavior of the material dur-
ing a post-car-accident fire scenario, because in the LOI
and UL94 test the edge of the test specimen is treated. In
a real car-accident fire, typically the entire housing (sur-
face area) of the REESS is exposed to the fire. In particu-
lar, the lateral and non-planar arrangement of the test
specimen and the fibers it contains relative to the flame
results in high flammability and a significant loss of
integrity of the test specimen due to fan out of the GFs
during the test. In a post-car-accident fire, the housing
and the interior continuous-fiber reinforcement is located
in a planar position above the fire, which prevents the
loss of integrity by fan out of the fibers.

Cone calorimetry tests show that the incorporation of
three flame-retarded tape layers in a four-tape-layer TL is
already sufficient to suppress the occurrence of a HRR
peak, and reduces the pHRR by 54%, the THR by 26%
and the TSR by 25%. A fully flame-retarded TL reduces
the flammability even more. For the three SW materials,
four major observations can be made where fully flame-
retarded TLs are used. (a) the TTI is increased by 32%;
(b) the pHRR of the external surface of the TL is reduced
by 57%; (c) the TTI of the EPP foam core (125 kW/m?
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HRR marker - see Figure 5) is increased by 66%; and
(d) the pHRR of the EPP foam decomposition is reduced
by 13%. In comparison, the use of TLs with a higher
amount of GF (SW Ref) instead of FR results in fewer
improvements in flame retardancy. Based on the cone
calorimeter test results, SWs with fully flame-retarded
TLs are preferable to SWs with TLs containing a higher
GF amount.

In the bench-scale fuel fire test, which was designed
to simulate the UNECE-R100-8E test on a small scale,
TLs containing the FR MDH or an increased GF content
show improved fire retardancy. For all three tested SWs,
a low maximum temperature of the reverse side of the
test specimen, in the range of 70-90 °C, is observed.
However, the SW with fully flame-retarded TLs shows a
lower temperature rise and a shorter time of afterflame.
Future work must show to what extent the results of the
bench-scale fuel test correlate with those of the UNECE-
R100-8E.

Material selection for a REESS to be further investi-
gated: Incorporating the FR Mg(OH), into the TLs of a
PP-GF-EPP SW structure should be more efficient in low-
ering the internal temperature when used for a REESS in
the event of an external fire than increasing the amount
of GF in the TL. In particular, the temperature inside the
REESS should rise more slowly for the flame-retarded
SW. In the event of an external fire, heat control systems
inside the REESS (if functional) could more easily dissi-
pate thermal energy. The rise of the inside wall tempera-
ture of the housing material to a maximum of 90 °C
within 5 min, as is observed for the FR-free SW and SW
Ref with a higher amount of GF, should, however, also
pose a low risk to a REESS and the battery cells. The
improved self-extinction of the flame-retarded SW struc-
ture increases the safety for surrounding components and
reduces the risk of igniting leaking gases.

Further work will show how these components actu-
ally behave in the UNECE-R100-8E test when the TL and
SW are used in REESS systems.
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