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In this work, expandable graphite (EG)/thermoplastic polyurethane (TPU) composites with excellent
exfoliation, dispersion and two-dimensional plane orientation of the EG fillers were manufactured by
microlayer coextrusion technology. The influence of microlayer coextrusion technology on flame
retardancy and mechanical properties of microlayer coextruded composites was investigated. The
exfoliation, dispersion and orientation of the EG fillers in TPU matrix were characterized by SEM and
XRD. The flame retardancy and thermal stability of the composites were characterized by UL 94, LOI,
TGA and CCT. The mechanical properties of the composites were characterized by tensile tests. SEM
and XRD showed that microlayer coextrusion technology could not only greatly promote exfoliation and
dispersion of the EG fillers in TPU matrix, but also could enhance the two-dimensional plane orientation
of the EG fillers in TPU matrix. As compared with the conventional blended composites, the microlayer
coextruded composites showed enhanced flame retardancy and mechanical properties, with 15 wt% of
EG, the as prepared EG/TPU composites showed a V-0 flame retardance level, whereas EG/TPU

f\iz:gfe% gsgbhhgji/yzz%lﬁ; composite prepared by conventional blending only showed a V-2 flame retardance level. The exfoliation,
dispersion and two-dimensional plane orientation of the EG fillers in TPU matrix were believed to play

DOI: 10.1039/c9ra03653a a critical role in the improvement of flame retardancy. The significance of this research was providing
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1. Introduction

As an important commodity plastic, Thermoplastic poly-
urethane (TPU) is widely used in many applications such as
automobiles, sport equipment, medical consumables and food
packaging materials, etc."* However, TPU is extremely flam-
mable with melt dripping, and the smoke from combustion and
the accompanied release of toxic gases such as HCN and CO
greatly restricts its applications in many fields.® Therefore, more
and more researchers have been interested in the flame
retardancy modification of TPU.

In order to improve the flame retardancy of TPU, all kinds of
flame retardants are introduced into TPU to pursue a balanced
integration of properties which are required to meet the real
needs of industry. Expandable graphite (EG) is an excellent
flame retardant for plastic materials. It is non-toxic and does
not produce toxic gases when heated. In contact with a heat
source, EG expands and produces a large amount of an insu-
lative layer on the surface of the polymer matrix, which can
protect the substrate, insulate the heat source and prevent
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a new feasible idea to fabricate flame retardant composites with excellent mechanical properties.

oxygen from coming into contact.®® However, as the filler itself,
EG has poor interfacial compatibility with the polymer matrix,
furthermore, the easy agglomeration of EG also makes the
dispersion in the matrix unsatisfactory, both of which greatly
affect the final flame retardancy and mechanical properties of
the composite materials. Hence, in order to generate enough
char contents to inhibit the spread of fire, a large amount of EG
filler loading is generally required which conversely causes
processing issues and deteriorated mechanical properties.'® For
example, in order to achieve a V-0 flame retardance level, it
usually requires a high EG loading level up to at least 25%, thus
the mechanical properties of the composite will be greatly
reduced so that there is little prospect of practical application.™

It is well known that the content of EG fillers satisfying the
flame retardancy requirement of the polymer matrix depends
on both the chemical structure and the distribution of fillers.*?
S. Sanchez-valdes et al' used an amine-alcohol modified
polyethylene (PE-g-DMAE) as compatibilizer, and improved the
dispersion of IFRs by increasing their compatibility with poly-
meric matrix. Ming G. et al.** used expandable graphite (EG)
and phosphorus oxychloride to synthesize expanded graphite
modified with phosphorus (EGP), and discovered that EGP
fillers are more easily dispersed in the FPUF matrix to form
a dense carbonization layer compared to EG fillers. Liu L. Z.

This journal is © The Royal Society of Chemistry 2019
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et al.™ load the boric acid on the surface of expandable graphite
(EG), and discovered that the modification of EG fillers could
promote the increase of carbonization layer density. Li J. et al.*®
and Liu D. Y. et al.”” investigated the synergy between different
flame retardants by adding two or three flame retardancy
components into the polymer matrix, and discovered that the
strong interfacial bonding between these different char resi-
dues strengthened the integrality and continuity of the intu-
mescent carbonization layers, leading to a stronger barrier
effect in condensed phase. The above methods are undoubtedly
very effective for preparing flame retardant composites with
high mechanical properties, and lays a foundation for the
development of high performance flame retardant composites.

Recently, microlayer coextrusion technology has been inno-
vatively used to prepare flame retardancy composites. Laufer G.
et al.,*® Li Y. et al.,* and Carosio F. et al* found that the
multilayered coating could effectively prolong the time to igni-
tion and reduce the heat release rate of polymeric substrates.
Chen B. S. et al.** investigated the influence of the multilayered
distributing state of IFRs on the flame-retarding properties of
the matrix and found that the layer interfaces and confined
layer spaces in the multilayered system were considered to play
a crucial role in retarding the spread of fire as well as the
propagation of crazes. However, few studies related to the
influence of the exfoliation, dispersion and orientation of fillers
on the flame retardancy of the polymer matrix are concerned, to
the authors' best knowledge. As compared with conventional
blended composites, microlayer coextruded composites have
alternating layered structures that are continuous along the
extrusion direction, while the extruded film has thousands of
layers in the case of constant thickness and the single layer
thickness can be up to nanometer scale.”” As seen in Fig. 1,
during the microlayer coextrusion process, this unique cavity
structure causes the composite melt to be constantly subjected
to a force that gradually widens and narrows, which is very
similar to the effect of biaxial stretching. This distinctive
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processing technology will be very beneficial to the exfoliation,
dispersion and two-dimensional plane orientation of the filler
in polymer matrix, which will greatly promote the increase of
carbonization layer density during combustion. It is well known
that the carbon layer plays an important role of heat insulation
and oxygen barrier during the combustion process, and the
change in carbon layer density will significantly affect the flame
retardancy of the whole composites. Simultaneously, this
unique multilayer structure can effectively inhibit the propa-
gation and extension of cracks. Sung et al.>*** investigated the
mechanical behaviors of alternating multilayer composite
consisting of polycarbonate (PC) and styrene-acrylonitrile
copolymer (SAN) layers and found that the crazes generated
from SAN layers could be terminated by shear bands in adjacent
PC layers through interfacial adhesion effect, resulting in the
increase of the strength and toughness of the whole composite.
Therefore, microlayer coextrusion technology has great appli-
cation prospects in manufacturing flame retardancy composites
with balanced mechanical properties.

In this paper, the EG/TPU microlayer coextruded composites
were prepared by microlayer coextrusion technology. The effect
of the exfoliation, dispersion and orientation of the EG fillers in
TPU matrix on the flame retardancy of the whole composite was
investigated. At the same time, the enhancement effect of the
microlayer coextrusion technology on the mechanical proper-
ties of the composite was also investigated to evaluate the
feasibility of fabricating the flame retardancy microlayer coex-
truded composites with balanced mechanical properties.

2. Experimental

2.1. Materials

TPU (69M92), with a density of 1.22 g cm ® and hardness of 92
Shore A, was provided by Baoding Bangtai Polymer New Material
Co. (China). EG, with a mean particle size of about 270 mesh, were
supplied by Qingdao Kangboer Graphite Products Co., Ltd. (China).

L=
-
-_— '

The exfoliation, dispersion and two-dimensional plane orientation of EG fillers occurred
during a series of ""segmentation-torsion-lamination' processes

Fig. 1 The state of the EG fillers change during the microlayer coextrusion process.
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2.2. Sample preparation

Prior to the microlayer coextrusion process, the EG/TPU pellets
with different amounts of EG were prepared using a twin screw
extruder. Set temperatures from hopper to die were 170, 185,
195, and 190 °C, respectively. The screw speed of the twin screw
extruder was 300 rpm.

During the microlayer coextrusion process, EG/TPU pellets
were added into extruders A and B to finally obtain the 512
layers of EG/TPU microlayer coextruded multilayer film. As seen
in Fig. 2, the microlayer coextrusion equipment mainly consists
of two single screw extruders, a confluence device, four multi-
pliers, an extrusion die and a winding device. The single screw
extruders are combined in a confluence device, to obtain a 2-
layers polymer melt. The 2-layers melt flowing into the first
multiplier was divided into four equal parts in the width
direction, as shown in Fig. 3. The four equal parts were twisted
by 90°, and then flowed through the second multiplier, and the
total thickness and width of the melt at the outlet were equal to
the inlet. Each time a multiplier was passed, the number of
layers of the melt was increased by a factor of four and the
thickness was correspondingly reduced by a factor of four.
When the melt flowed through four multilayers, the number of
layers turned into 512. The set temperature from the feed
hopper to the die were 170, 185, 195, and 190 °C, respectively,
and the set temperature of the multiplier was 190 °C. The screw
speed of the single screw extruder was 300 rpm.

For the comparison with microlayer coextruded composites,
the EG/TPU conventional blended monolayer film was also
prepared using only one extruder of the microlayer coextrusion
equipment without any multilayers.

The formulations of different samples are shown in Table 1.

2.3. Morphological observation

Scanning electron microscopy (SEM, Hitachi, S-4700) was used
to investigated the morphology of the conventional blended and
microlayer coextruded composites. All these samples were

Single screw extruder A

confluence device

Fig. 2 External structure diagram of multilayer coextrusion equipment.
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P A flow
[ B flow

Fig. 3 Internal flow path diagram of the multilayer.

quenched in liquid nitrogen for 1 h and then were cryogenically
fractured. The fractured sections were sputter coated with Au
and then observed.

2.4. X-ray diffraction spectroscopy (XRD) analysis

X-ray diffraction spectroscopy (XRD, Rigaku, 2500VB2) was used
to investigated the dispersibility of EG filler in the TPU matrix.
All samples were scanned under 26 ranging from 0.5 to 35° at

a rate of 1° min™ .

2.5. Combustion tests

LOI values were measured using the oxygen index measuring
instrument (China, JF-4TG) on test bars of 130 x 6.5 x 2 mm?
in size, according to GB/T 2406.2-2009. Measurements were
made on at least 15 specimens of each sample.

Vertical burning tests (UL 94) were also conducted using the
vertical burning tester (China, HVR-JT/M) on the test bars of 130
x 13 x 2 mm? according to ASTM D3801. Measurements were
made on at least 5 specimens of each sample.

‘Winding device

This journal is © The Royal Society of Chemistry 2019
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Table 1 The formulations of EG/TPU composites

Sample serial

Samples number EG content
Conventional blended CB-0 0%
composites (1 layer) CB-5 5%

CB-10 10%

CB-15 15%
Microlayer coextruded MC-0 0%
composites (512 layers) MC-5 5%

MC-10 10%

MC-15 15%

2.6. Thermal stability analysis

All thermogravimetric tests were performed on a thermogravi-
metric analyzer (TGA, Waters Corporation, TGAQ50). Each
sample, with a weight of about 5 mg, was heated from 30 °C to
800 °C at a rate of 10 °C min ' under nitrogen flow of 60

ml min—*.

2.7. Cone calorimeter tests

Cone calorimeter tests were performed using the cone calo-
rimeter (TESTech Instrument (Suzhou) Technologies, TTech-
GBT16172) according to ISO5660-1 2015 under an external
heat flux of 50 kW m 2. The sample size for the cone calorimeter
tests was 100 x 100 x 3 mm?. For each sample, average value of
at least 3 specimens was taken as the final test results.

2.8. Mechanical properties

Tensile tests were performed using universal testing machine
(Instron, Instron 3367) according to GB/T 1040.3-2006.
Measurements were made on at least 5 specimens of each
sample at a test speed of 100 mm min .

3. Results and discussion

3.1. Phase morphology

Many studies have proven that the microlayer coextrusion
technology not only provide high enough shear stress to make
the 2-D filler with high aspect ratio orientated along a two-
dimensional plane in the polymer matrix, but also enhance
the exfoliation and dispersion of fillers.>*° Thus we believe that
both the exfoliation, dispersion and two-dimensional plane
orientation of EG fillers could be promoted in TPU matrix by
microlayer coextrusion technology.

SEM was used to analyze EG orientation and dispersion. Fig. 4
shows the fracture surface of the EG/TPU samples. The fracture
surfaces of conventional blended composites and microlayer
coextruded composites with 5, 10 and 15 wt% of EG are shown in
Fig. 4. The large EG aggregates are found in the conventional
blended composites with 5, 10 and 15 wt% of EG. The higher the
content of EG fillers in conventional blended composites, the
larger aggregates. Upon the introduction of microlayer coex-
trusion technology, it could be observed that most of the large EG
aggregates were broken into thinner flakes during the microlayer
coextrusion process. There is much lesser large EG aggregates in

This journal is © The Royal Society of Chemistry 2019
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microlayer coextruded composites with 5, 10 and 15 wt% of EG.
Possibly the microlayer coextrusion technology could greatly
promote the exfoliation and dispersion of the EG fillers in the TPU
matrix. Furthermore, the two-dimensional plane orientation of
the EG fillers in the composites could be enhanced by microlayer
coextrusion technology. As shown in Fig. 4a2, b2 and c2, it can be
found that most of large EG aggregates are randomly dispersed in
conventional blended composites. From Fig. 4d2, e2 and f2 we
can see that more and more EG aggregates delaminated into thin
flakes and these thin flakes aligned parallel to a two-dimensional
plane in microlayer coextruded composites under the action of
the force field in the multilayers.

3.2. XRD analysis of expandable graphite (EG)

XRD analysis of CB-5, MC-5, CB-10, MC-10, CB-15 and MC-15
are performed, as shown in Fig. 6, all the EG/TPU composites
showed the same characteristic diffraction peak (002) of EG at
about 26.4° (Fig. 5). The angle (both around 26.4°) of the (002)
diffraction peak of the microlayer coextruded composite is very
similar to that of the conventional blended composite, which
indicates that the interlayer spacing of the EG filler was not
changed during the microlayer coextrusion process. Further-
more, it can also be found that the (002) diffraction peaks of the
microlayer coextruded composites are apparently stronger than
that of the conventional blended composites, and shows a very
sharp diffraction peak in Fig. 6. From Fig. 4 we can see that the
microlayer coextrusion technology can greatly facilitate the
exfoliation, dispersion and two-dimensional plane orientation
of the EG fillers in the TPU matrix, and the enhanced peak value
of the (002) diffraction peak can be explained by the changing
state of EG fillers. It has been demonstrated that the orientation
and exfoliation of graphite can significantly affect the peak
value of the (002) characteristic diffraction peak. The better the
orientation of graphite in the polymer matrix, the XRD pattern
in the direction perpendicular to the orientation of the graphite
will show larger and sharper peak value at 26 = 26.4°.>**' The EG
fillers undergo a continuous exfoliation process during the
microlayer coextrusion process, and the EG fillers after exfoli-
ation are gradually oriented along the two-dimensional plane
under the force of a biaxial stretching inside the cavity, which
endows the EG fillers with a highly oriented structure along the
(002) crystal plane. Besides, the number of carbon layers
arranged in parallel is large, and the degree of regularization is
high (seen in Fig. 7). Furthermore, the integrated peak value of
the (002) diffraction peak of the whole composite exhibits
a significant increase, and the results measured by XRD can
support the two-dimensional plane orientation of the EG filler
in the TPU matrix, which is consistent with the SEM results.

3.3. Flame retardancy effect

3.3.1. UL-94 tests. The flame retardancy of composites are
determined by LOI measurement and UL-94 tests, which were
listed in Table 2.

Different flame formations could be observed for TPU matrix
in Table 2: the dripping flame phenomenon was observed for
pure TPU prepared by both conventional blended technology

RSC Adv., 2019, 9, 23944-23956 | 23947
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Fig. 4 SEM images of the brittle fracture surface of (al, a2) CB-5, (b1, b2) CB-10, (c1, c2) CB-15, (d1, d2) MC-5, (el, e2) MC-10, (f1, f2) MC-15.

and microlayer coextrusion technology, the dripping appears at both conventional blended technology and microlayer coex-
once with a release of burning drops that burned the cotton trusion technology did not pass the UL-94 tests.

within the first few seconds of ignition, and finally all the For the EG/TPU composites prepared by conventional
samples were totally burned out. Thus pure TPU prepared by blended technology, both the afterflame time ¢; and ¢, of the

23948 | RSC Adv., 2019, 9, 23944-23956 This journal is © The Royal Society of Chemistry 2019
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Fig. 5 XRD analysis of expandable graphite (EG).

composite will be reduced gradually with the increase of EG
content, thereby improving the flame retardancy of the
composite. As the EG filler content increased to 15 wt%, the
afterflame time ¢; and ¢, of the EG/TPU conventional blended
composites decreased to 8.1 s and 10.2 s respectively, accom-
panied by drops and the afterflame lower than the 125 mm
mark, reaching a V-2 rating. Therefore, we found that the drop
phenomenon is the main factor to descend the vertical burning
level of EG/TPU composites.

Compared with conventional blended technology, the EG/
TPU composite prepared by the microlayer coextrusion tech-
nology has apparently enhanced flame retardancy in the case of
the same EG filler content. TPU composite with only 10 wt% of
EG can reach a V-2 rating. The TPU composite with 15 wt% of
EG did not show drop phenomenon in combustion, resulting in
a V-0 rating, while the composite with the same EG content
prepared by conventional blended technology only reaches a V-2
level.

It is well known that the EG filler will expand to form an
expansion layer on the surface of the composite material under
heating, and then the expansion layer is used as a barrier layer
to isolate oxygen and heat. Therefore, the enhanced exfoliation,
dispersion and two-dimensional plane orientation of the EG
filler in the TPU matrix has a great influence on the density of
the expansion layer, thereby affecting the flame retardancy of

1200000
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TPU matrix
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Conventional blended composites Microlayer coextruded composites

Fig. 7 X-ray diffraction simulation.

the composite material. The EG/TPU composite prepared by
conventional blended technology will form a poor density
expansion layer under high temperature combustion due to the
poor dispersion of the EG filler. And this results in the first
occurrence of combustion in the lower density region of the
expansion layer, greatly increasing the possibility of drop
phenomenon, thereby reducing the flame retardancy of the
composite. However, compared with the conventional blended
technology, the EG/TPU composites prepared by microlayer
coextrusion technology has better exfoliation, dispersion and
two-dimensional orientation of the EG fillers, and the uniformly
dispersed EG rapidly expands to form a dense expansion layer
under high temperature combustion, thereby greatly improved
the flame retardancy of the composite material.

3.3.2. LOI tests. LOI curves are summarized in Fig. 8. LOI is
defined as the minimum percentage of oxygen that will just
support flaming combustion in a flowing mixture of oxygen and
nitrogen. The lower the LOI value, the better the flame
retardancy.

It can be seen from Fig. 8 that the LOI value of pure TPU by
both conventional blended technology and microlayer coex-
trusion technology are similar (both around 19.8%). The LOI
value of the TPU with 5 wt%, 10 wt% and 15 wt% of EG prepared
by conventional blended technology is 23.5%, 25.8% and 26.9%
respectively. Compared with conventional blended technology,
the EG/TPU composite prepared by microlayer coextrusion
technology have higher LOI value at the same EG filler content.
The LOI value of the TPU with 5 wt%, 10 wt% and 15 wt% of EG

—— Microlayer coextruded composite
conventional blended composite
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Fig. 6 XRD analysis of all samples.
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Table 2 UL-94 data of composites
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Cotton indicator ignited

Afterflame or afterglow of Vertical burning

Sample ty/s tyls by flaming particles or drops any specimen up to the holding clamp level
CB-0 17.2 — Yes Yes NR
CB-5 15.1 15.7 Yes Yes NR
CB-10 12.5 13.8 Yes Yes NR
CB-15 8.1 10.2 Yes No V-2
MC-0 16.7 — Yes Yes NR
MC-5 6.1 8.2 Yes Yes NR
MC-10 3.4 3.2 Yes No V-2
MC-15 2.8 3.2 No No V-0

prepared by microlayer coextrusion technology is 25.1%, 27.5%
and 28.7% respectively. Thus, it could be concluded that with
the increase of the EG filler content, the flame retardancy of the
EG/TPU composite increased obviously. Furthermore,
compared with conventional blended technology, microlayer
coextrusion technology is more conducive to improving the
flame retardancy of EG/TPU composite. van Krevelen et al.**
found that the formation of chars can inhibit the release of
flammable carbonaceous gases, and reduce the exothermicity
induced by pyrolysis reactions. Hence, a higher density of the
expansion layer should be followed with a higher LOI value.
Both the exfoliation, dispersion and two-dimensional plane
orientation of EG fillers could be improved by microlayer
coextrusion technology. This will increase the density of the
expansion layer of the composite under high temperature
combustion, and thereby improving the flame retardancy
properties of the composite.

3.4. Thermal stability

Thermal properties of EG/TPU composites are investigated by
TGA under nitrogen atmosphere. TGA data of EG/TPU
composites are given in Table 3. The related TGA curves are
shown in Fig. 9. In this section, TPU composites with 0 wt% and

30

== Conventional blended composites
=& Microlayer coextruded composites

28

26

24 4

LOI(%)

22 4

20

) . ) . ) ¥ L
0 5 10 15
Weight fraction of EG fillers in the whole composite(wt.%)

Fig. 8 LOI values of composites.
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15 wt% of EG prepared by both conventional blended tech-
nology and microlayer coextrusion technology were tested by
thermogravimetric analysis. The onset decomposition temper-
ature (Tso,) were defined as the temperature at which the weight
loss reached 5%. The char residue and temperature of the
maximum weight loss rate (Tp,ax) Of the samples were obtained
from the DTG curves.

Firstly, the thermal stability of EG fillers were tested by TGA
to better investigate the TGA results of EG/TPU composites. It
can be seen from the EG curve in Fig. 9 that the intercalant in
the EG began to decompose at around 180 °C degrees and
decomposed rapidly at 270-400 °C. The processing temperature
of the EG/TPU composite in this experiment was between 170 °C
and 190 °C. Hence, it can be concluded that only little amount
of intercalant in the EG de-intercalated from the EG in the
extrusion process.

It can be seen from Fig. 9 and Table 3 that the decomposition
temperature at 5% and 50% weight loss (Tse, and Tsge,) for
sample CB-0 is 335.92 °C and 398.95 °C respectively, Tryax Where
the composites show the maximum mass loss is 397.25 °C. At
last the char residue of sample CB-0 arrives at 6.44%. For the
sample MC-0, there is little difference between MC-0 and CB-0,
thus MC-O and CB-0 show approximately one curve on TG and
DTG images. It can be found that the thermal performance of
pure TPU can be hardly influenced by microlayer coextrusion
technology.

Compared with pure TPU, the starting decomposition
temperature at 5% (Tso,) for both samples CB-15 and MC-15 is
lower. The apparent decrease could be mainly explained that
the intercalant in EG would decompose rapidly at 270-400 °C to
release volatiles such as sulfur dioxide and water, which would
result in a loss of quality in the EG/TPU composite, and thereby
reducing the Tso, temperature of the EG/TPU composite.

Table 3 TGA data for CB-0, MC-0, CB-15 and MC-15

Char residue

Sample T50,/°C Ts00/°C Tmax/°C at 800 °C/%
CB-0 335.92 398.95 397.25 6.44
MC-0 336.02 398.97 397.87 6.74
CB-15 333.21 405.87 401.25 15.35
MC-15 332.87 410.71 407.22 19.53

This journal is © The Royal Society of Chemistry 2019
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Fig.9 TG and DTG curves for CB-0, MC-0, CB-15 and MC-15.

Furthermore, the Tsgo, and T,y temperature for sample CB-
15 is 405.87 °C and 401.25 °C respectively, which is higher than
that of pure TPU. At the same time, the char residue at 800 °C
increase by 138.35% over pure TPU. The apparent increase
could be mainly explained that the addition of EG filler may
benefit for the formation of the expansion layer of the
composite under high temperature combustion. However, The
Ts00 and Tax temperature for sample MC-15 is 410.71 °C and
407.22 °C respectively, which is significantly higher than that of
both CB-15 and pure TPU. At the same time, the char residue at
800 °C increase by 203.26% and 27.2% over CB-15 and pure TPU
respectively. This indicates that microlayer coextrusion tech-
nology is more conducive to improving the thermal stability of
EG/TPU composite than conventional blended technology. This
can be explained by the fact that the microlayer coextrusion
technology not only promotes the two-dimensional plane
orientation of the EG filler, but also greatly enhances its exfo-
liation and dispersion in TPU matrix, which will greatly improve
the formation of the expansion layer of the composite under
high temperature combustion, thereby greatly improving the
thermal stability of the composite. Improvement in thermal
performance will contribute to the development of composite
with better integrated properties.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

3.5. Cone microcalorimetry

The experimental results obtained by the cone calorimeter have
a good correlation with the large combustion experiments, and
thus are widely used in the flame retardant research of polymer
materials. According to our test results, The TPU microlayer
coextruded composite with 15% of EG had the best flame
retardancy all samples, so in this section, TPU composites with
0 wt% and 15 wt% of EG prepared by both conventional blended
technology were tested by cone calorimeter. The heat release
rate (HRR) and the total heat release (THR) curves of samples
CB-0, MC-0, CB-15, MC-15 were shown in Fig. 10 and 11, and the
corresponding data were shown in Table 4.

As seen in Fig. 10, 11 and Table 4, there is little difference in
the cone calorimetry data between CB-0 and MC-0, which
indicates the flame retardancy of pure TPU can be hardly
influenced by microlayer coextrusion technology.

Time to ignition (TTI) is usually an important parameter for
evaluating the combustion properties of polymer materials. As
seen in Table 4, Compared to pure TPU, the addition of EG
causes an apparent decrease (from 36 s to 29 s) in the TTI value
of the composite. It can be explained that the reduction in TTI
arises from the black color of EG which causes the increased
radiant heat absorption within the top layer of the material.**=*
In addition, it can be found that the microlayer coextrusion
technology has little effect on the time to ignition of EG/TPU
composites.

Both HRR and THR are important parameters for flame
retardancy evaluation. It can be seen clearly from Fig. 10 and 11
that very big differences of combustion behaviors exist between
the TPU composites with the same EG content under different
processing technologies. EG is an effective flame retardant and
the incorporation of it by conventional blended technology
could decrease the HRR and THR values of the TPU to some
extent. The addition of EG promoted the formation of a carbon
layer to a certain extent during combustion, and the carbon
layer acted as a barrier layer to limit the heat and mass transfer
from polymer to the heat source during combustion. When
prepared by microlayer coextrusion technology, the decreases in
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Fig. 10 HRR curves of the samples.
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these values are more significant, especially the HRR and THR
values, which were decreased by 59% (from 1046 kW m ™ to 431
kW m~>) and 67% (from 72.63 MJ m~> to 23.99 MJ] m ?),
respectively. Furthermore, MC-15 (21.58%) left much more
carbon residues than CB-15 (16.42%) under the condition that
the EG filler content is constant. It can be discovered that
microlayer coextrusion technology could endow EG system with
higher flame retardant efficiency compared to conventional
blended technology. It can be explained by changes in exfolia-
tion, dispersion and orientation of the EG fillers in TPU matrix.
Microlayer coextrusion technology could not only greatly
promote exfoliation and dispersion of the EG fillers in TPU
matrix, but also could enhance the two-dimensional plane
orientation of the EG fillers in TPU matrix. The good exfoliation
and dispersion of the EG fillers in TPU matrix could greatly
facilitate the formation of the carbon layer in the early stages of
combustion, and it could also greatly increase the density of the
carbon layer during combustion. Carbon layers generated
during combustion act as a barrier for both heat flow and mass
transport, thereby improving the flame retardancy of the TPU
composites.

Suffocation caused by smoke is one of the main causes of
death from the real fire, therefore the TSR changes of EG/TPU
composites are also investigated during combustion. As seen
in Fig. 12 and Table 4, the TSR value of CB-15 decreased by 29%
(from 1065 m®> m~? to 759 m* m %) compared with that of pure
TPU. In addition, when prepared by microlayer coextrusion
technology, the decreases in TSR value is more significant,
which is decreased by 66% (from 1065 kW m > to 461 kW m™?)

Table 4 The CCT Data of the samples
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Fig. 12 TSR curves of the samples.

compared with that of pure TPU. It is well know that EG can
promote the TPU matrix to produce a protective barrier layer to
effectively prevent smoke generation. The microlayer coex-
trusion technology can promote the exfoliation, dispersion and
two-dimensional plane orientation of the EG fillers in TPU
matrix, which is very beneficial to the formation of carbon layer
during combustion and can further generate a more compact
carbon layer, which will greatly help to block the production of
smoke during combustion.

The microscopic morphology of the char residues after the
CCT were examined by SEM in order to better understand the
carbon layer formation effects of flame retardant TPU with EG
fillers after combustion. As seen in Fig. 13 (CB-0 and MC-0),
there is little char residues from pure TPU prepared by both
conventional blended technology and microlayer coextrusion
technology after combustion due to its inflammability, which
indicates the flame retardancy of pure TPU can be hardly
influenced by microlayer coextrusion technology. In the case of
the EG/TPU composites prepared by conventional blended
technology (Fig. 13, CB-15), its char residues can form loose
carbon layer structures with small holes. The carbon layer
structures act as a barrier for both heat flow and mass transport
during combustion, thereby improving the flame retardancy of
the TPU composites. However, the small holes could provide
a flow channel for the flammable gas from the inner matrix to
the gas phase. Hence, the char residues of sample CB-15 could
only exhibit the limited flame retardancy. For the EG/TPU
composites prepared by microlayer coextrusion technology
(Fig. 13, MC-15), its char residues can form flat and tight carbon

Sample TTI (s) PHRR (kW m™?) Av-HRR (kW m™?) THR (MJ m™?) TSR (m> m~?) Char yields (%)
CB-0 36 1065 149.17 72.63 1018 7.92
MC-0 35 1028 144.88 71.93 1097 8.27
CB-15 29 759 121.33 53.82 761 16.42
MC-15 28 361 100.79 23.99 357 21.58

23952 | RSC Adv., 2019, 9, 23944-23956
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Fig. 13 Digital photographs and SEM images of carbon residues.

layer structures with no holes. Obviously, EG/TPU composites
prepared by microlayer coextrusion technology can form
a denser carbon layer structure compared to conventional
blended technology, which is attributed to the excellent
dispersion, exfoliation and orientation of the EG fillers in TPU
matrix. Hence, the EG/TPU composites prepared by microlayer
coextrusion technology can exhibit much better flame retard-
ancy compared to conventional blending technology.

3.6. Mechanical properties

In addition to flame retardancy of composites, mechanical
properties are also indispensable for practical application.
Although the addition of fillers can improve the flame retard-
ancy of the composites, it probably also greatly deteriorate the
mechanical properties of the materials due to the promoted
cracks spread in polymer matrix induced by fillers.***” It has
been confirmed that the microlayer coextrusion technology can
greatly alleviate the negative effect of the deteriorate in the
mechanical properties of the composites due to the addition of
the filler.*®* Therefore, in this work, tensile tests are performed
to investigate the influence of EG filler orientation and disper-
sion on the tensile strength and elongation at break of TPU
composites. As shown in Fig. 14 and 15, the tensile strength and
elongation of break of conventional blended composites are
dramatically decreased with the addition of EG fillers. This can
be explained by the fact that the large EG aggregates which are
randomly distributed in the conventional blended composites,
act as stress concentrations in the TPU matrix, provided

This journal is © The Royal Society of Chemistry 2019
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potential development areas for cracks generation and accel-
erated the propagation of cracks throughout the whole EG/TPU
composite.

From Fig. 14 and 15, it can be also found that the tensile
strength and elongation at break of microlayer coextruded
composites shows significant improvement as compared with
that of conventional blended composites. The tensile strength
and elongation at break of the microlayer coextruded compos-
ites with 15 wt% of EG increased by 123% and 85% respectively,
compared to conventional blended composites with 15 wt% of
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Fig. 14 Tensile strength of all samples.
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EG. For pure polymers, the unique interfacial effects produced
by the microlayer coextrusion technology will facilitate the two-
dimensional plane orientation of the pure polymer molecular
chains at the microlayer interface, which will greatly improve
the mechanical properties of the material along the two-
dimensional plane orientation.**** Hence, the mechanical
properties of pure TPU prepared by microlayer coextrusion
technology are much better, compared to the pure TPU
conventional blended composites. The enhancement of the
mechanical properties of microlayer coextruded composites
with EG fillers loading could be explained in two ways. On the
one hand, large EG aggregates may have some defects which
could be broken easily, also, the interfacial interaction between
EG and TPU should also be considered, for thin flakes, there's
larger interfacial surface of the thin fillers, whereas for large EG
aggregates, the interfacial surface is much lower, which will
lead to poor interfacial interactions. Poor interfacial interac-
tions between EG fillers and TPU matrix will provide the
possibility of crack growth and accelerate the extension of
cracks throughout the entire composite, which is very detri-
mental to the mechanical properties of the composite. The
gradual exfoliation of large EG aggregates during the microlayer
coextrusion process will greatly improve the interface surface
between EG and TPU, which can decrease the stress concen-
tration effect of the EG in the microlayer coextruded compos-
ites. On the other hand, the fracture mechanism of microlayer
coextruded composites is different from that of conventional
blended composites. It has been confirmed that during the
deformation of the microlayer coextrusion composites under
stress, the cracks initiated in brittle layers will be terminated by
the adjacent ductile layers.*” This indicates that the microlayer
coextrusion technology may provide a potential method to
manufacture flame retardancy composites with balanced
mechanical properties.

4. Conclusion

The EG/TPU composites with excellent exfoliation, dispersion
and two-dimensional plane orientation of the EG fillers were

23954 | RSC Adv., 2019, 9, 23944-23956
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prepared by microlayer coextrusion technology. Compared to
conventional blended composites, the microlayer coextruded
composites showed apparently enhanced flame retardancy and
mechanical properties. The force field in multilayers during the
microlayer coextrusion process could greatly enhance the
exfoliation, dispersion and two-dimensional plane orientation
of the EG fillers. It not only enables the large EG aggregates
break into thin flakes, but also promotes a more uniform
distribution of the EG filler in the TPU matrix, which can
significantly improve the density of the expansion layer during
the burning process and thereby enhance the flame retardancy
of the whole composite. Furthermore, the microlayer coex-
truded composites showed higher tensile strength and elonga-
tion at break compared to that of conventional blended
composites. Therefore, it can be concluded that the microlayer
coextrusion technology may provide a potential approach to
manufacture flame retardancy polymer composites with
balanced mechanical properties.
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