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Abstract

In this study, the effect of hexagonal boron nitride (hBN) addition at different weight
ratios to thermoplastic polyester elastomer (TPEE) reinforced with three different
fiber types, namely carbon fiber (CF), glass fiber (GF) and basalt fiber (BF), on the
mechanical, tribological and thermal properties of the composites was investigated.
Adhesive wear test for tribological analysis, tensile and three-point bending tests for
mechanical analysis, differential scanning calorimetry and thermogravimetric anal-
yses for thermal investigation and scanning electron microscopy analysis for mor-
phological evaluation were applied. The results showed that the addition of hBN
to fiber-reinforced TPEE composites, regardless of the fiber type, and the increas-
ing weight ratio of hBN improved the wear, mechanical and thermal properties of
the composites. However, when comparing the synergistic effect of hBN when used
simultaneously with fiber reinforcement on the basis of fiber type, CF was found
to outperform GF and BF fiber types and hybrid reinforced composites containing
10 wt% hBN and CF to exhibit superior tribological, mechanical and thermal prop-
erties. It is also concluded that BF performs at a comparable level to GF and there-
fore can be used instead of GF in some applications.
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Introduction

Thermoplastic elastomers (TPEs), which are block copolymers, are consisting of
hard crystalline and soft amorphous segments, combining the physical properties
of elastomers with the easy processability and good strength of thermoplastics.
Soft amorphous segments provide flexibility, and hard crystalline segments provide
thermal and mechanical strength. The final properties of TPEs are determined by
the ratio between hard and soft segments and the segment composition. DuPont™
has developed a new type of thermoplastic polyester elastomer (TPEE) branded
Hytrel®. Hytrel® has a polybutylene terephthalate structure as the hard crystalline
segment and a polyether structure as the soft amorphous segment. Hytrel® is a type
of polymer extensively used in many fields, especially in the automotive industry,
and was chosen as the matrix material in this study [1-6].
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Development of polymer matrix composites is very common where there is
a need for high-performance materials. However, high performance cannot be
achieved with a single polymer. Therefore, polymer modification methods such as
copolymerization, reinforcement and blending are used. Among these methods,
polymer reinforcement stands out as a relatively simple process that offers limit-
less opportunities to create materials with improved performance. A widely used
method to improve mechanical, tribological and thermal properties and to extend the
application range of polymeric materials is the incorporation of fillers in the form
of fibers and/or particles. Carbon fibers, glass fibers, carbon nanotubes, graphene,
boron nitride, layered silicates and others have been used as fillers to reinforce TPEE
[1-16]. The short fiber reinforcement provides performance between that of con-
ventional continuous fiber-reinforced composites and that of unreinforced polymer.
Owing to their exceptional characteristics including high thermal resistance and
mechanical strength, low density, good wear resistance, etc., carbon fiber (CF) and
glass fiber (GF) are promising materials for short fiber reinforcement of polymer
matrix [17-19]. However, few studies in the literature have examined the influence
of the use of short CF and GF in TPEE on the thermal, tribological and mechanical
properties of the material [2, 7, 18]. On the other hand, in the production of TPEE
matrix composites, basalt fiber (BF) is emerging as an alternative fiber type to CF
and GF. Although production of BF is similar to that of GF, BF requires less energy
and contains no additives. As a result, BF is less expensive to produce than glass or
carbon fiber. BF has mechanical properties similar to those of GF. In addition, it has
advantages such as non-flammability, high chemical resistance and thermal resist-
ance. This makes BF a good alternative to GF for the reinforcement of composites
used in a number of industries, including marine, automotive and construction. Spe-
cifically, the large number of micropores in its structure contributes to its thermal
insulation and flame retardancy [20]. Despite all these advantages, the applications
of BF with thermoplastic matrices remain extremely limited, and there are even
no studies reported in the literature on the production of TPEE matrix composites
[20-22].

The addition of particles to the neat polymer matrix or fiber-reinforced compos-
ites is another method used to further enhance the properties of polymeric materials
[2-6, 13, 14, 18]. However, the shape, size distribution, surface area and chemis-
try of the particles added to the material strongly influence its behavior [2, 5]. For
example, platelet-shaped nanoparticles represent a special class of reinforcement
for polymers and, if properly oriented in the polymer matrix, can provide a signifi-
cant extent of reinforcement [3, 5, 13]. Carbon nanotubes, graphene nanoplatelets,
graphene oxide, mica, fly ash, nanosilica and boron nitride are some of the nano-
particle types commonly used in TPEEs [1-6, 13—15, 18]. Suresha et al. examined
the influence of graphene nanoplatelets (GnPs) on the mechanical and the physical
properties of short CF-reinforced polyamide 66/thermoplastic copolyester elastomer
composites and found that the addition of GnPs improved the tensile properties [18].

In addition to these types of fillers, the hexagonal boron nitride (hBN) nanomate-
rial is of great interest as a functional filler for the modification and reinforcement
of the polymeric materials. Also known as white graphite, hBN’s hexagonal layered
structure of covalently bonded B-N atoms is similar to graphite. Widely used as an
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electrical insulator and thermal conductor, it is chemically and thermally stable [23].
Due to its layered form and the low Van der Waals forces between the layers, it is
also used as a solid lubricant [24, 25].

To the knowledge of the authors, there are no studies that have investigated hBN
as a platelet-shaped nanoparticle reinforcement for neat TPEE matrix or fiber/matrix
material compositions, although one study has been reported that investigated
the influence of boron nitride incorporation on the thermal expansion behavior of
Hytrel® [13].

Therefore, further studies on the tribological, thermal and mechanical perfor-
mance of both TPEE matrix composites reinforced with different types of fibers
and hybrid composites simultaneously reinforced with hBN and fibers are needed.
Therefore, the effect of the addition of hBN at different weight ratios to TPEE
matrix reinforced with three different fiber types, CF, GF and BF, on the thermal,
tribological and mechanical performance has been studied.

Materials and method
Materials

TPEE was supplied from DuPont™ with the brand name “Hytrel® 7246 (Form:
pellet, density: 1.26 g/cm®, melting temperature: 218 °C, glass transition temper-
ature: 25 °C). CF of 6 mm length, 7 pm diameter, surface modified with polyes-
ter compatible coating material was purchased from DowAksa™, Turkey (tensile
strength: 4200 MPa, tensile modulus: 240 GPa, elongation: %1.8, density: 1.76 g/
cm®). GF of 4.5 mm length and 13 pm diameter was purchased from Cam Elyaf
A.S., Turkey (tensile strength: 3400-3700 MPa, tensile modulus: 72—77 GPa, elon-
gation: %3.3-3.8, density: 2.52-2.6 g/cm?). BF of 6 mm length and 9 pm diam-
eter was purchased from Tila Kompozit, Turkey (tensile strength: 4840 MPa, ten-
sile modulus: 89 GPa, elongation: %3.15, density: 2.8 g/lcm®). hBN (Density: 2.3 g/
cm?, purity: %99.97, particle size: 50-120 nm, form: powder) was supplied by
BORTEK® Boron Technologies and Mechatronic Inc. (Turkey). (3-aminopropyl)
tri-ethoxysilane (APTES) (molecular weight: 221.37 g/mol, purity: 98%, density:
0.948 g/mL) was purchased from Alfa Aesar and used as the silane coupling agent.

Silanization of hBN

The surface of hBN was functionalized with APTES coupling agent. For this pur-
pose, hBN nanoparticles were dispersed in 100 ml of ethanol—distilled water solu-
tion using an ultrasonic homogenizer to obtain a stable suspension system, then
the solution was mixed up with 1 ml silane and was stirred at 75 °C for 1 h. The
obtained solution was washed with ethanol to remove the remaining silane around
the hBN particles. The product was then dried at ambient temperature for 24 h fol-
lowed by 12 h at 80 °C in a vacuum oven.
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Composite preparation

TPEE was dried under vacuum in the oven at 110 °C for 3 h to evaporate moisture.
Compounds containing hBN, CF, GF, BF and TPEE constituents in varying propor-
tions by weight were compounded in a lab-scale microcompounder (DSM-Xplore,
The Netherlands) at 245 °C and at a rotor speed of 100 rpm. The mixing time for
all samples in the microcompounder was adjusted to 3 min. The weight ratios of the
samples are detailed in Table 1.

Following the compounding process, the test specimens were produced in a labo-
ratory-scale injection molder (DSM-Xplore, The Netherlands) with the fixed mold-
ing conditions of a barrel temperature of 245 °C, a mold temperature of 45 °C and
10 bar injection pressure.

Characterization of composites

The adhesive wear tests were conducted at ambient temperature with a standard
modular pin-on-disk tribometer (Nanovea) to determine the coefficient of friction
(COF) curves for the test specimens. During testing, the sample was located onto
a rotational disk, and the friction radius was fixed at 5 mm, the contact load was
fixed at 20 N, the sliding distance was fixed at 150 m, and the disk rotational rate
was fixed at 100 rpm. The COF between the ceramic ball with a radius of 3 mm and
test samples, each formulated differently, was measured and graphed throughout the
entire experiment.

The tensile tests were carried out at ambient temperature at a crosshead rate of
5 mm/min with the use of a tensile tester (Shimadzu AG-X) in compliance with the
ISO 527/2-5A standard. The tensile strength of each sample was recorded, and a
minimum of five samples from each formulation were tested to calculate averages.

Table 1 Sample code names and

composition ratios No Sample code TPEE CF GF BF hBN

1 TPEE 100 0 0 0 0
2 TPEE-10hBN 90 0 0 0 10
3 TPE-CF 90 10 0 0 0
4 CF-1hBN 89 10 0 0 1
5 CF-5hBN 85 10 0 0 5
6 CF-10hBN 80 10 0 0 10
7 TPE-GF 90 0 10 0 0
8 GF-1hBN 89 0 10 0 1
9 GF-5hBN 85 0 10 0 5
10 GF-10hBN 80 0 10 0 10
11 TPE-BF 90 0 0 10 0
12 BF-1hBN 89 0 0 10

13 BF-5hBN 85 0 0 10 5
14 BF-10hBN 80 0 0 10 10
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Three-point bending tests were carried out using a tensile tester (Instron 4411)
in accordance with ISO-178 at a bending rate of 2 mm/min. Flexural stress at yield
data was obtained from the test samples, and a minimum of five samples of each for-
mulation were tested to calculate the average.

The temperature of melting (7,,) and the enthalpy of melting (AH,,) of the sam-
ples were analyzed by differential scanning calorimetry (DSC, TA Instruments-
Q200). Thermal scans were performed between 25 °C and 250 °C with a scanning
rate of 5 °C/min under a nitrogen environment. Relative degree of crystallinity
(X )y Of the samples was calculated based on the DSC data by using the following
equation:

(AH,, — AH.)
] (1)

Kot = [AHS‘ X (1 —w)
wherein w represents the ratio by weight of reinforcements/fillers of each composi-
tion of the samples, and AH?n (J/g) represents the enthalpy of melting of the raw
TPEE which is obtained from DSC analysis.

Thermal stability of the samples was investigated using thermogravimetric analy-
sis (TGA, TA Instruments-Q500) with a heating rate of 10 °C/min from the ambient
temperature up to 600 °C under a nitrogen atmosphere. Weight loss (%) as a func-
tion of temperature was recorded.

Scanning electron microscopy (SEM, JEOL-JCM 6000) was used to examine
the morphology of the samples. The SEM analysis was performed on the samples
that were collected from the fractured surfaces after the tensile test. Specimens were
gold sputter-coated prior to morphologic analysis.

Results and discussion
Adhesive wear test

Figure 1 shows the plots of COF versus sliding distance for TPEE composites con-
taining CF, GF, BF and hBN. Average COF values are also shown in Table 2.
Figure la demonstrates the effects of the addition of 10 wt% CF and 1, 5 and
10 wt% hBN to neat TPEE on the COF. Figure 1a and Table 2 indicate that the COF
reduced significantly with the addition of only CF and only 10 wt% hBN to TPEE.
These results are expected because, as reported in the literature, in fiber-reinforced
polymer matrix composites, the abrasive ball contacts with both the fiber and the
polymer, reducing the ball/polymer contact area and causing fiber wear. Therefore,
the fiber, which is more rigid when compared to the polymer, protects the polymer
matrix from adhesive wear to a certain extent. Furthermore, as reported by the lit-
erature, due to its layer structure and the ability of the layers to slip on top of one
another, hBN provides excellent solid lubricity and can maintain this solid lubric-
ity up to 1200 °C under oxidative conditions. In addition, hBN with excellent ther-
mal conductivity can effectively transfer and dissipate frictional heat to the sliding
contact surface and prevent the softening of the polymer matrix to a certain extent,
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Fig. 1 Coefficient of friction curves of the test specimens

Table 2 Average results of the

coefficient of friction of the Material code OAfvgrii‘%ﬁ)io(ecﬂgsm

samples
TPEE 0.121+£0.003
TPEE-10hBN 0.082+0.010
TPEE-CF 0.101£0.001
CF-1hBN 0.078 +0.009
CF-5hBN 0.067 +£0.003
CF-10hBN 0.059+0.005
TPE-GF 0.090+0.012
GF-1hBN 0.085+0.001
GF-5hBN 0.075+0.016
GF-10hBN 0.072+£0.016
TPE-BF 0.112+0.018
BF-1hBN 0.099 +0.008
BF-5hBN 0.088 +£0.006
BF-10hBN 0.085+£0.004

thus increasing the adhesive wear resistance of composites [22, 24, 26]. For these
reasons, it can be said that the addition of only CF and only hBN to neat TPEE sig-
nificantly reduced the COF value and correspondingly improved the adhesive wear
resistance.

However, the most important result that can be seen from Fig. 1a and Table 2
is that the COF decreases significantly both by adding hBN to the CF-reinforced
TPEE matrix composite and by increasing the amount of hBN. In addition, hybrid
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reinforced composites exhibited significantly lower COF than CF-only and hBN-
only composites, with the lowest COF being achieved in hybrid reinforced compos-
ites containing 10 wt% hBN. When the COF curves of the hybrid reinforced com-
posites are compared with the COF curves of the composite containing only CF and
the composite containing only 10 wt% hBN, it can be seen that the simultaneous use
of CF and hBN results in a hybrid effect. This hybrid effect is a result of both the
dispersive effect of CF on the hBN layers and the more homogeneously dispersed
hBNs in the matrix, which settle at the matrix—fiber interface and increase the inter-
face area there, allowing more load to be transferred from the matrix to the fibers
and thus allowing the fibers to carry more load without detaching from the matrix.
Therefore, hBNs, which are more homogeneously dispersed in the matrix, not only
perform their lubrication functions more effectively, but also help to increase the
amount of load transfer from the matrix to the fiber by increasing the fiber/matrix
interface area. In conclusion, it can be said that improving the dispersion of hBNs in
the polymer matrix and also positioning more hBNs at the fiber/matrix interface is
a good method to reduce COF and improve the adhesive wear resistance of hybrid
reinforced composites [27-29].

In addition to all of the points above, it can be said that the silanization process
applied to the hBN surface also contributes to increasing the interaction of hBN
with both the TPEE and CF surface, as it increases the surface functionality of hBN,
such that the —OH groups in the silanol molecule formed during the hydrolysis pro-
cess of APTES were involved in a hydrogen bonding interaction with nitrogen atoms
of the hBN surface, and as a result, the coupling of the silane molecule to the hBN
surface was ensured [30]. On the other hand, the other functional end group of the
silane molecule containing —NH, group tends to react to carboxyl end groups on
both TPEE and CF surface [31]. This is because, as mentioned above, this study
used a type of CF whose surface was modified with a coating material compatible
with polyesters. As a result, it can be said that this improves the interaction of hBN
with both TPEE and CF surface, thus ensuring homogeneous dispersion of hBN
particles in both TPEE matrix and improving the fiber/matrix interface interaction
by better positioning of hBN particles on the CF surface. Thus, it can be concluded
that the functionalization of the hBN surface by the silanization process contributes
to the hybrid effect.

The graph showing the effect of the addition of 10 wt% GF and 1, 5 and 10 wt%
hBN to neat TPEE on the COF of TPEE is given in Fig. 1b. As can be seen in Fig. 1b
and Table 2, the COF decreased with the addition of only GF and only 10 wt% hBN
to TPEE. In addition, the COF decreased both by adding hBN to the GF-reinforced
TPEE matrix composite and by increasing the amount of hBN, with the lowest COF
being achieved in hybrid reinforced composites containing 10 wt% hBN. However,
it is important to note that there is not a significant decrease between the COF of
the sample type containing only 10 wt% hBN and the COF of the hybrid reinforced
sample types as much as there is for the CF fiber type. Therefore, it can be inter-
preted that this slight decrease in COF values of hybrid reinforced composites is
only due to the effect of GF to improve the homogeneous dispersion of hBN in the
TPEE matrix, but the hybrid reinforcement does not contribute to the improvement
of the fiber/matrix interface interaction for the GF fiber type.
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Figure 1c and Table 2 show that when BF is used as the fiber type and hBN is
added to the BF containing composites, the COF is reduced, i.e., the wear resist-
ance of the composites is improved, and the lowest COF is achieved in hybrid rein-
forced composites containing 10 wt% hBN. However, the situation that occurred in
the GF fiber type also occurred in the BF fiber type. There is no significant decrease
between the COF of the sample type containing only 10 wt% hBN and the COF
of the hybrid reinforced sample types as much as in the CF fiber type. Therefore,
it can be interpreted that this slight decrease in COF values of hybrid reinforced
composites is only due to the effect of BF to improve the homogeneous dispersion
of hBN in the TPEE matrix, but the hybrid reinforcement does not contribute to the
improvement of the fiber/matrix interface interaction for the BF fiber type. However,
considering that BF is a fiber type that can be produced at a lower cost and with a
simple production process compared to CF and GF fiber types, the improvement in
wear resistance of TPEE, both when used alone and when used simultaneously with
hBN, shows that BF is a positive alternative to other fiber types, especially that of
GF.

Figure 1d shows a comparison of the sample types that gave the best wear resist-
ance results. In addition, Fig. 2 shows SEM images of the adhesive wear surfaces of
the sample types with the maximum and minimum COF values for comparison.

From Fig. 1d and Table 2, it can be concluded that the 10 wt% hBN and CF
hybrid reinforced composite had the lowest COF and therefore the maximum wear
resistance among all the sample types. In fact, as far as is known from the literature,

TPEE:10RBN

————e 3 e $37- % Aimm 5
SEI  PC-high 15 kV. High-vac. SED PC-high" 15kV. ¢ 02/42/2019/ 000477

TPEE-CF-10hBN

<y

o5 /
£, ————— M

= S 5 ? — M
Highvac. SED PC-high - 15KkV- x 30 S 102/12/2019/ 000478 EMHigh-vac. SED PC-high 15kV. x 30 02/12/2019 000481

Fig.2 SEM images of the adhesive wear surfaces of the samples
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in short fiber-reinforced composites, at some point during wear, the fiber separates
from the matrix, creating a three-body abrasive effect and increasing the wear. In
such a case, the mechanical properties of the reinforcing material are inversely
proportional to the wear resistance of the material. In other words, the higher the
mechanical properties of the detached fiber, the greater the three-body abrasive
effect caused by its detachment during wear [29, 32, 33]. However, it is believed
that this did not happen in our study because the interface interaction between the
CF and TPEE matrix was good. Thus, the abrasive ball remained in contact with the
CFs embedded in the matrix throughout the wear, and therefore CF, the fiber type
with the best mechanical properties, provided the lowest COF curve. This can also
be seen in the SEM images shown in Fig. 2, such that CFs, which help to maintain
the integrity of the structure by remaining in the matrix instead of detaching from
it during wear, are visible in the SEM image. Both the graphs and the table show
that the simultaneous addition of hBN and fiber produces the most effective hybrid
effect in CF-reinforced composites. In fact, there is no significant decrease in COF
values by adding hBN, especially in the GF-reinforced composites, while there is a
significant decrease in COF by adding hBN in the CF-reinforced composite. It can
be inferred that the simultaneous use of fiber and hBN only improves the dispersion
of hBN in the matrix in GF and BF fiber types, but in CF fiber type it also contrib-
utes to the fiber/matrix interface interaction due to the reaction tendency between
silanized hBN and CF surfaces.

Tensile test

Figure 3 shows the graph of the change in tensile strength value for TPEE compos-
ites containing hBN, CF, GF and BF.

It can be seen from Fig. 3 that the tensile strength value increased when only
CF, GF and BF fiber types and only 10 wt% hBN particles were added to TPEE. In

60 CF-10hBN

CF-1hBN
50

40 J—

TPEE-10hBN E-BF 1hBN
TPEE : .
30

20

Tensile Strength (MPa)

10

Sample Type

Fig.3 Tensile strength values of specimens
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addition, tensile strength increased both by adding hBN to the CF-, GF- and BF-
reinforced TPEE matrix composites and by increasing the amount of hBN, such that
hybrid reinforced composites exhibited higher tensile strength than only CF, GF and
BF fiber types and only hBN particle-reinforced composites and the maximum ten-
sile strength is achieved hybrid reinforced composites containing 10 wt% hBN for
all fiber types.

One of the most important results to be inferred from Fig. 3 is the rate of
improvement of the tensile strength values obtained for hybrid reinforced compos-
ites for each fiber type, such that adding 10 wt% hBN to CF- and GF-reinforced
composites resulted in an improvement in tensile strength of approximately 14%,
while by adding 10 wt% hBN to BF-reinforced composites resulted in an improve-
ment in tensile strength of approximately 11%. As known from the literature, the
improvement of the mechanical properties of a nanocomposite depends largely
on the effective dispersion of the reinforcements and the interaction between the
phases [26, 34]. Therefore, an important conclusion that can be drawn is that the
good particle-matrix interface interaction in nanoparticle-reinforced composites and
the homogeneous dispersion of the particles in the matrix have a significant role
on the tensile strength property. This is because the improved interface interaction
between the nanoparticles and the matrix allows for the effective transfer of stress
during mechanical loading. In the present study, the tendency of hBN nanoparticles
made more reactive by the surface silanization process to react with carboxyl end
groups in the TPEE matrix contributed to the homogeneous dispersion of hBN par-
ticles in the TPEE matrix without agglomeration. As a result, a portion of the load
applied during the tensile test was transferred to the hBN particles oriented in the
plane of the tensile axis thanks to good particle—matrix interface interaction and was
absorbed by the strong covalent bonds between the boron and nitrogen atoms that
make up these particles. Moreover, the hBN nanoparticles homogeneously dispersed
in the TPEE matrix limited the crack propagation due to the applied load. As a con-
sequence of all these effects, the tensile strength of the material improved [27, 35].
Moreover, the improvement in tensile strength obtained with the simultaneous use
of hBN particles, whose interaction with the matrix is increased by the functionali-
zation of their surface, with the fibers also shows the positive effect of the fibers on
the homogeneous dispersion of the hBN particles in the TPEE matrix.

Furthermore, when comparing the tensile strength values of hybrid reinforced
composites based on fiber type, it can be said that CF-reinforced hybrid compos-
ites have the maximum tensile strength value among all specimen types and all
hBN weight ratios. This high performance of the CF fiber type compared to other
fiber types can be interpreted as a result of both its specific superior mechanical
properties and the high quality of the interface interaction between CF and TPEE
matrix material. This good interaction can be attributed to both the modifying of the
CF surface with a coating material compatible with polyesters and, as mentioned
above, the positioning of the surface-silanated hBN particles at the fiber/matrix
interface due to their susceptibility to react with carboxyl groups [26], such that, as
can be seen from the SEM images in Fig. 4, the carbon fibers are embedded in the
TPEE matrix, there are TPEE residues on the surface of the fibers, and no voids are
observed between the fibers and the matrix. On the other hand, there are some TPEE
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Fig. 4 SEM images of tensile fracture surfaces of samples

residues on the surfaces of GF and BF fiber types, but it is also observed that there
are still significant gaps at the fiber/matrix interface.

Three-point bending test

The graph showing the changes in flexure stress at yield for the TPEE composites
containing hBN, CF, GF and BF is shown in Fig. 5.

Figure 5 shows that the flexure stress at yield increased with the addition of only
CF, GF and BF fiber types and only 10 wt% hBN particles to TPEE. In addition,
the flexure stress at yield increased both by adding hBN to the CF-, GF- and BF-
reinforced TPEE matrix composites and by increasing the amount of hBN. Thus,
the hybrid reinforced composites exhibited higher flexure stress than the CF, GF, BF
alone and the hBN alone reinforced composites, and the maximum flexure stress is
achieved by the hybrid reinforced composites containing 10 wt% hBN for all fiber
types.

The flexure test is a method of characterizing the performance of materials
exposed to simple beam loading and the flexural properties obtained from this test
provide information about the behavior of the material in bending. The flexural
strength of a fiber-reinforced composite can be generally defined as the maximum
stress at the outermost lift. Three-point bending is the most commonly used flexural
test for polymers. The literature review shows that there are a number of material
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Fig.5 Flexure stress at yield values of specimens

properties on which the flexural properties of polymer composites depend. These
material properties are the interface interaction between the reinforcement and the
matrix, the strength of the reinforcement, the physical properties of the reinforce-
ment, and the amount of reinforcement [2, 36-40].

The amount of reinforcement is an important factor in flexural strength because
flexural strength is determined by the capability of the composite to resist flexural
loads, and increasing the amount of reinforcement allows for greater resistance to
flexural loads. Evaluating Fig. 5 from this point of view, it can be concluded that
the increase in flexural stress with both the addition of fiber to neat TPEE and the
addition of hBN at increasing weight ratios to fiber-reinforced TPEE is due to the
increase in load carrying capacity of TPEE compared to its unreinforced state.

The physical properties of the reinforcement including density, length and
strength are also important factors in flexural strength. Low density reinforcements
are generally preferred due to their higher bending capability. Also, the length of the
fiber must not be less than the critical length as this will adversely affect the stress
transfer capability between the fiber and the matrix. On the other hand, the higher
the individual strength of the reinforcing material, the higher its ability to carry the
load transferred from the matrix during bending. Therefore, as shown in Fig. 5, the
observation of the maximum flexural stresses in CF-reinforced composites is attrib-
uted to the fact that CF has both the highest strength and the lowest density com-
pared to other fiber types. In addition, as a result of the high interface interaction
between CF and TPEE matrix, the fibers break less during the composite manufac-
turing process and their length remains closer to the critical fiber length, allowing
CF to perform its reinforcing task more effectively than GF and BF fiber types [41].

The interface interaction between the matrix and the reinforcement is important
because higher interface adhesion facilitates the transfer of stress from the matrix to
the reinforcement and improves flexural strength. In addition, when the fiber/matrix
interface interaction is strong, the fibers break less during composite production and
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thus their final length is closer to the critical fiber length, which increases their rein-
forcing efficiency. On the other hand, depending on the type of filler, surface unmod-
ified and hydrophilic nanoparticles may not be uniformly dispersed in the matrix
phase and may agglomerate. This causes the stress in the matrix to be concentrated
at certain points in the matrix phase and cracks at these points can easily propagate
to the non-reinforced parts of the matrix. This is a major cause of crack propaga-
tion leading to a reduction in flexural strength and matrix fracture. Surface modifi-
cation of nanoparticles can effectively improve their dispersion by polarizing them.
The homogeneous dispersion of nanoparticles prevents the propagation of cracks in
the composite structure and provides a significant improvement in flexural strength
properties [40]. As shown in Fig. 5, the flexural stress increased with the addition
of silane-modified hBN to both pure TPEE and fiber-reinforced TPEE matrix com-
posites. This increase continued even with increasing hBN loading. From this point
of view, it can be said that hBN is homogeneously dispersed in composite struc-
tures containing all fiber types by becoming polar as a result of surface modification,
thus acting both as a nano-reinforcement in the TPEE matrix and as a modifier that
increases the interface area by positioning itself at the fiber/matrix interface, thus
assuming the functions of both load carrying and load transferring.

Differential scanning calorimetry analysis

The variation of T, and X, values of TPEE with the addition of CF, GF, BF and
hBN was evaluated by DSC analysis, and the resulting data are listed in Table 3.
Table 3 shows that the T, of neat TPEE did not alter by adding CF, GF and BF
fiber types alone and by adding 10 wt% hBN alone. Table 3 also shows that the X
value of neat TPEE was significantly reduced by adding CF, GF and BF fiber types
alone and by adding 10 wt% hBN alone. Furthermore, this decrease in X, value con-
tinued to increase both by adding hBN to the fiber-reinforced composites and by

Table 3 Results of the DSC

analysis of samples Material code T, (°C) X, (%)l
TPEE 218.22 100.00
TPEE-10hBN 218.92 88.70
TPEE-CF 218.74 95.32
CF-1hBN 218.16 94.50
CF-5hBN 218.62 88.53
CF-10hBN 218.69 82.65
TPEE-GF 219.25 99.23
GF-1hBN 218.61 94.09
GF-5hBN 218.61 91.56
GF-10hBN 218.59 87.05
TPEE-BF 218.61 99.23
BF-1hBN 219.18 90.60
BF-5hBN 218.76 88.02
BF-10hBN 218.81 86.25
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increasing the amount of hBN. This decrease in X, value by adding CF, GF, BF, hBN
and by increasing the amount of hBN can be explained based on the free volume and
the interaction factors between the reinforcement materials and the TPEE, such that
it can be concluded that with the inclusion of only fibers or only hBN, these materi-
als were homogeneously dispersed in the matrix and intercalated between the TPEE
chains, thus making it difficult for the TPEE chains to get close to each other to crys-
tallize, thus reducing the relative degree of crystallinity of the TPEE matrix. In other
words, these reinforcing materials dominated a portion of the free volume in the
TPEE matrix and restricted the molecular motions of the polymer chains, causing a
reduction in X, by restricting the chains from easily crystallizing. In addition, while
X, was 88.7% in composites containing only 10 wt% hBN, it decreased below this
value in hybrid reinforced composites containing 10 wt% hBN, again demonstrating
the synergistic effect between fiber types and hBN and the contribution of fibers in
the structure to the homogeneous dispersion of nanoparticles [22, 27].

On the other hand, when comparing the decrease in X, value based on the fiber
type, it can be seen that the largest decrease occurs in CF-reinforced composites
containing 10 wt% hBN and decreases to 82.65%. The fact that the maximum
decrease occurs in the case where CF fiber type is used can be interpreted as the
fact that when hBN is used simultaneously with CF, it not only acts as a reinforce-
ment by dispersing in the matrix, but also improves the interface interaction here by
positioning itself at the fiber/matrix interface, thus reducing the mobility of carbon
fibers whose interaction with the matrix increases, and thus preventing the polymer
chains of the matrix from coming closer to each other and preventing crystallization
[22, 27]. Therefore, this result can be interpreted as the best interface interaction
between fiber and matrix will result in the lowest X, value. This is because the CF-
reinforced composite containing 10 wt% hBN, which has the lowest X value among
the X, values shown in Table 3, also exhibited the best mechanical and tribological
performance.

Thermogravimetric analysis

TGA is a thermal analysis method that can be used to assess the thermal stability of
materials. In this study, in order to evaluate the thermal stability of the materials, the
initial thermal degradation temperature at 10% weight loss (T',,) and the degrada-
tion temperature at 50% weight loss (Tsy,) were determined through TGA thermo-
grams, and these values are listed in Table 4.

Table 4 shows that the initial decomposition temperature of neat TPEE (7',) was
significantly increased by adding CF, GF and BF fiber types alone and by adding
10 wt% hBN alone. Furthermore, it is seen that this increase continues both by add-
ing hBN to the fiber-reinforced composites and by increasing the amount of hBN.
So much so that the addition of 10 wt% hBN alone to neat TPEE increased the T’y
temperature by about 7 °C, while the addition of any type of fiber alone increased
the T, temperature by about 8 °C, and the simultaneous addition of fiber and hBN
increased this increase up to 11 °C. Therefore, it appears that it is not the type of
fiber used, but the simultaneous use of fiber and hBN that has a major effect on the

@ Springer



Polymer Bulletin

Table 4 TGA results of samples Material code Ty05 (°C) Ty, (°C)
TPEE 364.37 389.98
TPEE-10hBN 371.53 398.13
TPE-CF 372.30 398.43
CF-1hBN 375.72 401.09
CF-5hBN 375.01 401.77
CF-10hBN 375.30 403.04
TPE-GF 373.93 399.65
GF-1hBN 373.50 399.28
GF-5hBN 375.34 401.83
GF-10hBN 375.25 402.64
TPE-BF 372.60 398.69
BF-1hBN 374.92 400.72
BF-5hBN 374.70 401.33
BF-10hBN 374.48 402.61

degradation temperature. Thus, it can be concluded that both the addition of fiber to
the neat polymer and the simultaneous addition of fiber and hBN increase the initial
thermal degradation temperature of TPEE and thus improve its thermal stability.

Similarly, when examining the T, temperatures shown in Table 4, it can be seen
that the T, of neat TPEE was significantly increased by adding CF, GF and BF
fiber types alone and by adding 10 wt% hBN alone. Furthermore, this increase con-
tinues both by adding hBN to the fiber-reinforced composites and by increasing the
amount of hBN. So much so that the addition of 10 wt% hBN alone to neat TPEE
increased the T, temperature by about 9 °C, while the addition of any type of fiber
alone increased the Ty, temperature by about 10 °C, and the simultaneous addi-
tion of fiber and hBN increased this increase up to 13 °C. Although the maximum
increase in T, temperature is observed in the CF-reinforced composite containing
10 wt% hBN, the effect of the simultaneous addition of fiber and hBN to neat TPEE
on thermal stability cannot be ignored.

This increase in T, and Ty, temperatures can be explained by the fact that CF,
GF, BF and hBN have higher thermal conductivity and specific heat capacity proper-
ties than neat TPEE. Therefore, when thermal energy is applied to composites, these
reinforcing materials can absorb more heat due to their higher heat capacity than the
matrix material and distribute the absorbed heat more easily within the structure due
to their higher thermal conductivity than the matrix material, thus contributing to
the maintenance of the thermal stability of the composite. It is also known from the
literature that layered fillers such as hBN, due to their layered structure, can act as
heat sinks during the degradation process of the composite to which they are added,
trapping the degradation products between the layers and thus delaying the degrada-
tion process of the composite, i.e., acting as a physical barrier [22, 27]. In this study,
the increase in degradation temperature with increasing hBN content in hybrid rein-
forced composites is attributed to both the high thermal properties of hBN and its
layered structure, which has the ability to retard degradation. Besides, the fact that
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the maximum degradation temperature was determined in CF-reinforced hybrid
composites containing 10 wt% hBN confirms a previous result and proves once
again the synergistic effect that occurs when hBN and CF are used together.

Conclusions

In the present study, the influence of hexagonal boron nitride (hBN) addition at dif-
ferent weight ratios to thermoplastic polyester elastomer (TPEE) matrix composites
reinforced with three different fiber types, namely carbon fiber (CF), glass fiber (GF)
and basalt fiber (BF), on the thermal, tribological and mechanical properties of the
composites was studied.

Adhesive wear test results revealed that the COF value decreased significantly
with the simultaneous addition of hBN and CF to TPEE, and with increasing the
amount of hBN, the lowest COF was obtained in composites containing 10 wt% of
hBN and CF simultaneously. This result was attributed to the more homogeneous
dispersion of the surface-silanated functionalized hBN in the TPEE matrix when
added simultaneously with the fibers and also to its positioning at the fiber/matrix
interface due to the chemical interaction with the surface of the CF fiber type com-
pared to other fiber types. The carbon fibers with high interaction with the TPEE
matrix remained in the matrix and came into contact with the abrasive ball rather
than detaching from the matrix during wear process, helping to maintain the integ-
rity of the matrix and making the matrix less affected by adhesive wear. In addition,
hBN particles in the form of platelets, which are more homogeneously dispersed
in the matrix when used simultaneously with the fiber, also ensured that the load
applied during adhesive wear was absorbed in their structures in the form of sliding
between the layers, again helping to protect the integrity of the matrix.

Similar results were obtained in tensile and three-point bending tests. In fact, the
maximum tensile strength was obtained in composites containing 10 wt% hBN and
CF simultaneously. This result was attributed to both the higher specific strength of
CF compared to other fiber types and the higher interaction between the CF surface
and the TPEE matrix and hBN. This result was also supported by SEM images. The
results of the three-point bending test showed that the flexural strength increased
with both the addition of fiber to pure TPEE and the addition of hBN at increasing
weight ratios to fiber-reinforced TPEE matrix composites, and the maximum flex-
ural strength was obtained in composites containing 10 wt% hBN and CF simultane-
ously. This result was attributed to many factors. These factors are: the addition of
reinforcement material and the increase in the load carrying ability of the material
with increasing amount of reinforcement material, CF being the fiber type with the
maximum strength and lowest density compared to other fiber types. In addition,
due to the good interface interaction between CF and TPEE matrix, CF can exhibit
its performance more effectively by remaining close to the critical fiber length due
to less breakage during the composite manufacturing process, and finally, hBN par-
ticles are homogeneously dispersed in the TPEE matrix to carry the bending load
applied to the matrix and prevent crack propagation.
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DSC analysis results showed that the chain mobility decreased with the addi-
tion of reinforcement material to neat TPEE, resulting in a decrease in X.. This
decrease was most pronounced in composites containing 10 wt% of hBN and CF
simultaneously. This result is interpreted as the interaction between hBN and CF,
whereby hBN is not only homogeneously dispersed in the TPEE matrix, but also
located at the fiber/matrix interface, further reducing the chain mobility of TPEE,
resulting in an additional decrease in X.. The TGA results also showed that both
the addition of fibers and hBN alone and the simultaneous addition of fibers and
hBN to neat TPEE improved the thermal stability of the material. This improve-
ment was further enhanced with increasing hBN weight ratio in hybrid reinforced
composites and the maximum improvement was observed in composites contain-
ing 10 wt% hBN and CF simultaneously. The increase in thermal stability, espe-
cially when hBN was used concurrently with CF, was attributed to the fact that
hBN in the form of platelets can more effectively exhibit thermal degradation
retardation performance when it is homogeneously dispersed in the matrix.

In conclusion, this study has shown that the addition of hBN to fiber-reinforced
TPEE matrix composites, regardless of fiber type, and the increasing weight ratio
of hBN improves the wear, mechanical and thermal properties of the compos-
ites and increases their performance potential in the relevant application areas.
Therefore, hBN, a nano-sized platelet-shaped particle, can be used as a hybrid
reinforcement to improve the properties of fiber-reinforced composites. However,
when the synergistic effect of hBN when used simultaneously with fiber rein-
forcement was compared on the basis of fiber type, CF was found to outperform
GF and BF fiber types. There are two main reasons for this finding. The first is
the high specific properties of CF compared to other fiber types, and the second is
its susceptibility to chemical interactions with both the TPEE matrix and the sur-
face-silanated hBN due to its surface treatment with a polyester compatible coat-
ing material. Therefore, for these reasons, hybrid reinforced composites contain-
ing 10 wt% hBN and CF exhibit superior tribological, mechanical and thermal
properties. However, it should be noted that the performance of BF is comparable
to that of GF, which is the most widely used fiber in the composites industry,
which means that the low cost advantage of BF may allow it to be a substitute for
GF where performance requirements allow.
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