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ABSTRACT
Bulk molding compound (BMC) composites are widely used in engineering applications; however, improving their mechanical 
response through low-content nanoscale modification remains challenging for highly filled thermoset molding systems. In this 
study, Ti3C2Tx MXene was incorporated into an industrial BMC formulation under unchanged compression-molding conditions 
to investigate its influence on mechanical and microstructural characteristics. The unmodified BMC and composites containing 
0.238, 0.476, and 0.714 wt.% MXene were characterized using tensile testing, Izod impact testing, Shore D hardness, FTIR, XRD, 
TEM, SEM, and SEM–EDS. Ti3C2Tx MXene addition improved the mechanical response within the investigated low-content 
range. The average tensile strength increased from 14.24 MPa for unmodified BMC to 24.00 MPa for the 0.714 wt.% MXene-added 
composite, a 68.6% improvement. The tensile modulus increased from 7.85 to 10.14 GPa, absorbed impact energy increased by 
up to 52.6%, and Shore D hardness increased from 70.6 to 75.8. TEM provided local evidence of MXene-related layered and 
partially overlapped regions, while SEM–EDS supported Ti-containing MXene-related regions in powder mixtures and molded 
bulk composites. BMC/MXene-0.71 exhibited the highest average mechanical values, whereas BMC/MXene-0.48 showed a more 
repeatable mechanical response and a comparatively balanced distribution tendency.

1   |   Introduction

Bulk molding compound (BMC) composites are industrial ther-
moset molding materials composed of polymer resin matrices, 
chopped fiber reinforcements, mineral fillers, and functional 
additives [1–5]. Owing to their dimensional stability, corrosion 
resistance, moldability, and suitability for high-volume mold-
ing processes, BMC and related molded thermoset composites 
are used in molded electrical housings, circuit breaker compo-
nents, motor and sensor parts, automotive under-hood compo-
nents, corrosion-resistant molded plates, structural covers, and 
other functional molded parts [1–3, 5, 6]. Conductive BMC-type 

composite systems are also used or considered for molded plate-
type components in electrochemical and fuel-cell-related appli-
cations, where the final part must satisfy both mechanical and 
functional requirements such as dimensional stability, conduc-
tivity, corrosion resistance, and mold-fill capability [7–12]. In 
transportation-oriented applications, polymer composite ma-
terials are also discussed for railway vehicle structures, where 
lightweight design, durability, and mechanical reliability are 
important design criteria [6]. For these application areas, im-
proving the mechanical response of BMC composites without 
disrupting their established industrial molding route remains 
an important materials-design issue [8, 9, 13].
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In highly filled molded thermoset composites, the mechanical 
response is not governed only by the polymer matrix, but by 
the combined effects of fiber length, filler type, solid-particle 
packing, mold flow, matrix–filler contact, defect formation, 
and local microstructural continuity [2, 14, 15]. Previous BMC 
studies have shown that changes in fiber length and filler con-
figuration can markedly influence tensile strength, tensile 
modulus, and impact resistance, even when the same mold-
ing equipment or a similar processing route is maintained 
[13–15]. In conductive or plate-type thermoset composite 
systems, additional filler-related issues such as reduced flow-
ability, nonuniform packing, void formation, and molding 
defects may further affect the final part quality [7–9]. These 
effects are especially relevant for molded electrical, automo-
tive, structural-cover, corrosion-resistant plate, and fuel-cell 
plate applications, where tensile resistance, impact tolerance, 
hardness stability, and dimensional reliability must be pre-
served after molding [1, 12, 13]. For this reason, introducing 
an additional nanoscale phase into an already highly filled 
BMC formulation requires attention not only to the potential 
reinforcing effect of the additive, but also to process compati-
bility, microstructural heterogeneity, and repeatability of the 
mechanical response [16–18].

Nanoscale and layered filler systems have been widely inves-
tigated to modify the mechanical, fracture-related, thermal, 
electrical, and tribological behavior of polymer composites 
[19–22]. Carbon nanotubes, carbon black, expanded graph-
ite, graphene nanoplatelets, graphene oxide, layered silicates/
nanoclay, hexagonal boron nitride, molybdenum disulfide, 
and MXene represent different filler families with distinct di-
mensionality, aspect ratio, surface chemistry, stiffness, con-
ductivity, and compatibility with polymer matrices [22–26]. 
One-dimensional carbon nanotubes and particulate carbon-
based fillers can contribute to mechanical or functional per-
formance when their distribution and matrix contact are 
controlled, whereas graphene-based nanoplatelets and other 
layered fillers are frequently associated with large interfacial 
area, crack-path modification, barrier-related effects, and 
multifunctional property development [27–32]. However, the 
contribution obtained from these fillers is not automatic; it is 
strongly affected by dispersion quality, orientation state, addi-
tion level, matrix compatibility, and the prevention of agglom-
eration, restacking, or local filler-rich regions [16–18, 33–35]. 
In highly filled BMC systems, these factors become even more 
critical because the matrix already contains multiple solid 
constituents before the introduction of a secondary nanoscale 
additive [7–9, 18].

Among emerging two-dimensional nanomaterials, Ti3C2Tx 
MXene is of particular interest for polymer composite modifi-
cation because of its layered transition-metal carbide structure, 
high aspect ratio, large accessible surface area, electrical con-
ductivity, and surface terminations such as   O,   OH, and   F 
[36–38]. These structural and surface characteristics distinguish 
Ti3C2Tx MXene from many conventional carbon-based or clay-
type fillers by providing a chemically active and tunable surface 
that may support matrix–filler contact in polymer composites 
[22, 26, 39, 40]. Experimental and computational studies on 
MXene/polymer systems have reported that the mechanical 
contribution of Ti3C2Tx MXene depends on interfacial inter-
action, nanosheet distribution, matrix compatibility, and the 
ability of MXene-related regions to participate in load-bearing 
or crack-interaction processes [39–41]. Direct measurements on 
Ti3C2Tx MXene monolayers also show that MXene nanosheets 
possess high intrinsic elastic modulus and tensile strength, 
which supports their potential use as mechanically relevant 
two-dimensional additives [42]. At the same time, MXene 
nanosheets may undergo restacking, partial agglomeration, or 
local concentration when the addition amount and processing 
route are not properly controlled [18, 43–45]. Therefore, in an 
already highly filled BMC formulation, Ti3C2Tx MXene addi-
tion should be evaluated through a low-content and process-
compatible approach rather than through a maximum-addition 
strategy [7–9, 18].

Recent MXene/polymer studies have expanded from basic 
nanocomposite systems toward mechanically, thermally, elec-
trically, tribologically, and multifunctionally modified poly-
mer structures [46–51]. Ti3C2Tx MXene has been investigated 
in Elium composites, carbon fabric/epoxy laminates, PVA 
nanocomposites, MXene/CNT hybrid epoxy systems, epoxy 
coatings, structural epoxy adhesives, short-carbon-fiber/
epoxy composites, wrinkled-MXene/epoxy systems, PLA/
PU shape-memory blends, and low-content epoxy formula-
tions [41, 52–60]. These studies show that the contribution of 
MXene is strongly formulation-dependent and may involve 
tensile or flexural improvement, fracture-toughness develop-
ment, thermal or electrical functionality, EMI shielding, wear 
resistance, adhesive performance, hydrothermal durability, 
or self-sensing capability depending on matrix type, MXene 
addition amount, surface state, and dispersion route [40, 41, 
52–56, 58, 60]. Recent review papers also emphasize that 
MXene/polymer composites should be interpreted in terms 
of architecture, surface modification, interfacial contact, de-
lamination/restacking behavior, multifunctionality, and life-
cycle or scalability considerations [18, 43, 46, 50, 51]. However, 
the majority of these studies have focused on epoxy, thermo-
plastic, elastomeric, adhesive, coating, or fiber-reinforced 
composite systems rather than industrial BMC formulations 
[41, 52, 53, 55, 56, 59, 60]. Therefore, the response of highly 
filled BMC composites to low-content Ti3C2Tx MXene addition 
remains insufficiently defined, particularly in terms of tensile 
strength, impact energy absorption, Shore D hardness, struc-
tural characterization, and Ti-containing MXene-related re-
gions after compression molding [1, 2, 8, 9, 18, 26, 48].

Although BMC and related molded thermoset composites are 
already used in component-level applications such as electrical 
housings, automotive under-hood parts, corrosion-resistant 

Highlights

•	 Low-content Ti3C2Tx MXene was added to industrial 
BMC composites.

•	 Tensile strength increased by 68.6% at 0.714 wt.% 
MXene.

•	 Impact energy improved by up to 52.6% with MXene 
addition.

•	 TEM and SEM–EDS supported the identification of 
MXene-related regions.
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molded plates, structural covers, and conductive plate-type 
components, most BMC-focused studies have examined the 
effects of fiber length, filler type, aging, molding defects, 
flowability, formability, or bipolar-plate processing rather 
than Ti3C2Tx MXene addition as a secondary nanoscale mod-
ification [1, 2, 7–9, 13–15]. In parallel, recent MXene/polymer 
studies have mainly addressed epoxy, thermoplastic, elasto-
meric, coating, adhesive, and fiber-reinforced systems, where 
MXene has been used to modify tensile, flexural, fracture-
related, tribological, electrical, EMI-shielding, or durability-
related responses [41, 52–60]. Therefore, the behavior of 
highly filled industrial BMC formulations containing low 
amounts of Ti3C2Tx MXene under unchanged compression-
molding conditions has received comparatively limited atten-
tion [7, 8, 18, 26, 46]. This limitation is particularly relevant for 
molded BMC components that are expected to maintain ten-
sile resistance, impact-energy absorption, surface hardness, 
dimensional reliability, and microstructural consistency after 
molding [1, 2, 9, 13]. In this context, evaluating mechanical 
properties together with FTIR, XRD, TEM, SEM, and SEM–
EDS observations can provide a broader and more cautious 
basis for discussing the relationship between low-content 
Ti3C2Tx MXene addition, structural features, Ti-containing 
MXene-related regions, and the mechanical response of in-
dustrial BMC composites [18, 21, 26, 40].

For this purpose, the characterization framework should 
distinguish between different levels of mechanical and mi-
crostructural information rather than treating all tests as 
evidence of the same reinforcement mechanism [18, 21, 26]. 
Tensile testing provides information on load-bearing response, 
tensile strength, modulus development, and specimen-to-
specimen variability, while Izod impact testing reflects the 
ability of the composite to absorb energy under sudden frac-
ture conditions [1, 13–15]. Shore D hardness, in contrast, 
represents a localized indentation response and should be in-
terpreted as a surface-level mechanical indicator rather than 
a direct measure of bulk toughness or tensile reinforcement 
[61, 62]. Spectroscopic and structural techniques such as FTIR 
and XRD can provide supporting information on functional 
group-related features and diffraction characteristics, al-
though weak or overlapping signals may occur because of the 
low MXene content and the carbonaceous, highly filled nature 
of the BMC formulation [7, 11, 26, 37, 38]. TEM observations 
can support the local evaluation of layered MXene-related re-
gions, whereas SEM and SEM–EDS can provide powder-state 
and compression-molded bulk morphological information 
together with elemental evidence for Ti-containing MXene-
related regions over selected observation areas [16, 18, 24, 40]. 
Interpreting these methods together provides a more balanced 
basis for discussing the relationship between Ti3C2Tx MXene 
addition, structure-related features, and mechanical response 
without assigning the observed property changes to a single 
unverified mechanism [16, 18, 26, 46].

Based on this background, the present study investigates the 
mechanical performance and microstructural characteristics 
of an industrial BMC system modified with low amounts of 
Ti3C2Tx MXene under unchanged compression-molding con-
ditions [1, 8, 18, 26]. The unmodified BMC was compared with 
three MXene-added BMC groups containing 0.238, 0.476, and 

0.714 wt.% Ti3C2Tx MXene. The study evaluates tensile strength 
and tensile modulus, Izod impact energy, Shore D hardness, 
FTIR/XRD/TEM-supported structural features, powder-state 
and compression-molded bulk SEM morphology, and SEM–
EDS-supported Ti-containing MXene-related regions within 
the same experimental framework [21, 26, 40, 61, 63, 64]. The 
novelty of this work is not based on maximizing the MXene 
amount, but on examining whether a low-content Ti3C2Tx 
MXene modification can improve the mechanical response 
of an already highly filled industrial BMC formulation with-
out changing the established molding route [7, 9, 13, 52, 60]. 
By connecting mechanical results with spectroscopic, struc-
tural, and microstructural observations, this study provides 
a process-compatible assessment of Ti3C2Tx MXene addition 
in BMC composites and addresses a gap between BMC-based 
molded thermoset studies and recent MXene-modified poly-
mer composite research [1, 2, 46, 48, 50].

2   |   Materials and Methods

2.1   |   Materials

Bulk molding compound (BMC) was used as the base ther-
moset molding material in this study. The BMC material was 
selected from an industrial formulation to keep the experimen-
tal design close to practical compression-molding conditions 
[1, 2, 7]. According to the supplier-provided technical infor-
mation, the BMC is intended for molded plate-type compo-
nents requiring electrical conductivity, corrosion resistance, 
dimensional stability, mold-fill capability, and cost-effective 
production. The supplier-reported typical tensile strength of 
the as-molded BMC is 15 MPa. The supplier-disclosed safety 
information describes the material as a carbonaceous compos-
ite mixture containing synthetic graphite and other carbon-
containing constituents. The BMC was used as received, 
without any chemical or physical pre-treatment before MXene 
addition [7–9].

Commercial Ti3C2Tx MXene powder was used as the sec-
ondary nanoscale additive. The powder was supplied by 
Nanografi Nanotechnology, Türkiye, with the product code 
NG10MPW1491. According to the supplier-provided data sheet, 
the MXene powder had a minimum purity of 98%, a particle 
size range of 2–20 μm, and a multilayer Ti3C2Tx structure con-
taining   OH,   O, and   F surface terminations. The supplier-
declared elemental composition includes Ti, C, F, and O as the 
main constituents. The MXene powder was added to the BMC 
formulation without additional chemical surface functionaliza-
tion [26, 37, 38].

2.2   |   Composite Preparation, Compression 
Molding, and Specimen Production

All composite groups were prepared using a constant initial 
batch mass of 420 g to provide a direct comparison between the 
unmodified BMC and the MXene-added BMC formulations. The 
unmodified BMC group consisted of 420 g of BMC. The MXene-
added groups were prepared by replacing part of the BMC mass 
with Ti3C2Tx MXene powder at 1, 2, and 3 g, corresponding to 
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BMC/MXene-0.24, BMC/MXene-0.48, and BMC/MXene-0.71, 
respectively. Accordingly, the MXene contents were calculated 
as 0.238, 0.476, and 0.714 wt.% based on the initial 420 g batch 
mass. The formulation details are given in Table 1.

The selected MXene contents were deliberately restricted to a 
low-content range because the purpose of this study was not 
to determine the maximum possible MXene concentration, 
but to evaluate whether measurable mechanical improve-
ment could be achieved in an industrial BMC system without 
changing the established compression-molding route. This 
consideration is important for conductive BMC and plate-
type thermoset composite systems, where filler content, mix-
ing behavior, mold flow, formability, dimensional stability, 
and production repeatability should be considered together 
[7, 9–13]. The selected additions of 1, 2, and 3 g correspond to 
0.238, 0.476, and 0.714 wt.% with respect to the initial 420 g 
batch mass. This sub-1 wt.% range was selected to preserve the 
process-compatible character of the BMC formulation while 
examining the possible mechanical contribution of Ti3C2Tx 
MXene at very low contents. Excessive addition of a secondary 
nanoscale filler may affect dry mixing behavior, local filler 
packing, molding flow, defect formation tendency, cost effi-
ciency, and the tendency for local nanosheet restacking or ac-
cumulation. Therefore, higher MXene contents would require 
a separate processability-oriented optimization study rather 
than a direct extension of the present low-content comparison 
[18, 43–45, 50, 52, 53].

Ti3C2Tx MXene powder was introduced into the BMC com-
pound without additional chemical surface treatment. In this 
study, this step was considered as an alloying-type physical 
incorporation process, in which the MXene powder was me-
chanically integrated into the industrial BMC formulation be-
fore compression molding. The BMC/MXene mixtures were 
prepared using a mechanical mixing process at 3000 rpm for 
300 s. The same mixing speed, mixing duration, and prepa-
ration route were applied to all MXene-containing groups in 
order to maintain comparable processing conditions among 
the formulations. Since both the BMC matrix and Ti3C2Tx 
MXene powder were dark-colored, visual inspection was 
not considered sufficient to evaluate the distribution state of 
MXene within the mixture. Therefore, the preparation route 
was standardized for all formulations, and the effect of MXene 

content was evaluated under identical mixing and molding 
conditions [16, 18].

The sample preparation, specimen fabrication, and characteri-
zation workflow of the Ti3C2Tx MXene-added BMC composites 
is presented in Figure 1.

As shown in Figure 1, the workflow includes preparation of 
the BMC raw material, weighing of Ti3C2Tx MXene powder, 
compression molding, production of composite plates, prepa-
ration of specimens by water-jet cutting, and subsequent 
mechanical, spectroscopic, structural, and microstructural 
characterization.

After mixing, the BMC and BMC/MXene mixtures were pro-
cessed by industrial compression molding using an Engel 
Insert 160 press machine. All plates were produced using the 
same mold geometry and the same processing parameters. 
Before molding, the mold surfaces were cleaned and treated 
with a silicone-based mold release agent to facilitate demold-
ing and preserve the molded plate surface. The pressing force 
was 1600 kN, and the pressing time was kept constant at 250 s. 
The upper and lower mold temperatures were set to 130°C and 
165°C, respectively. These conditions were kept constant across 
all groups so that comparisons among the formulations would 
not be affected by intentionally varied molding parameters.

The compression-molded plates had approximate dimensions of 
130 × 270 mm and an initial thickness of approximately 7 mm. 
After molding, the plates were machined to a final thickness of 
3.2 mm before specimen extraction. The MXene content was ex-
pressed according to the initial batch composition rather than the 
final mass of the machined specimens, because material removal 
during thickness adjustment was applied after plate production 
and was not part of the formulation stage. This formulation-based 
normalization allowed the MXene-added groups to be compared 
using the same initial preparation basis [7–9].

Final test and characterization specimens were obtained from 
the thickness-adjusted plates by water-jet cutting and represen-
tative sampling. Tensile specimens were prepared according 
to ASTM D638 Type V geometry, with a final specimen thick-
ness of 3.2 mm, an overall length of approximately 63.5 mm, a 
gauge length of approximately 7.62 mm, and a narrow section 
width of approximately 3.2 mm [63]. Izod impact specimens 
were prepared according to ASTM D256 with nominal dimen-
sions of approximately 63.5 × 12.7 × 3.2 mm [64]. Shore D hard-
ness specimens were prepared with approximate dimensions of 
20 × 20 × 3.2 mm [61]. Representative material portions were also 
reserved from each composite group for FTIR, XRD, and TEM 
analyses to evaluate spectroscopic, structural, and local layered-
region features within the same formulation set. For SEM–EDS 
characterization, representative circular specimens with an ap-
proximate diameter of 10 mm were prepared from each compos-
ite group. The same machining, cutting, and sampling route was 
applied to all groups to maintain dimensional and preparation 
comparability and to avoid specimen preparation-related differ-
ences as an additional source of variation. The plate thickness 
adjustment and specimen allocation route for mechanical, spec-
troscopic, structural, and microstructural characterization is 
schematically shown in Figure 2.

TABLE 1    |    Initial formulation of BMC and MXene-added BMC 
composites.

Sample group
BMC 

mass (g)
MXene 

mass (g)

MXene 
content 
(wt.%)

BMC 420 0 0

BMC/
MXene-0.24

419 1 0.238

BMC/
MXene-0.48

418 2 0.476

BMC/
MXene-0.71

417 3 0.714
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2.3   |   Mechanical, Morphological, 
and Microstructural Characterization

Mechanical, morphological, and microstructural characteri-
zation was carried out using the same comparative framework 
for the BMC, BMC/MXene-0.24, BMC/MXene-0.48, and BMC/

MXene-0.71 groups. Tensile testing, Izod impact testing, and 
Shore D hardness measurements were used to evaluate differ-
ent aspects of the mechanical response. FTIR and XRD analyses 
were included as complementary spectroscopic and structural 
methods, while TEM, SEM, and SEM–EDS observations were 
used to support the evaluation of MXene-related layered features, 

FIGURE 1    |    Experimental workflow for Ti3C2Tx MXene-added BMC composites: (a) sample preparation and specimen fabrication, (b) mechanical 
testing, (c) FTIR and XRD analyses, and (d) TEM and SEM–EDS characterization.

FIGURE 2    |    Plate thickness adjustment and specimen allocation for mechanical, spectroscopic, structural, and microstructural characterization.
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powder-state and compression-molded bulk morphology, and Ti-
containing MXene-related regions. The methods were used in 
combination since no individual test was considered sufficient to 
explain the observed mechanical changes [18, 21, 26].

Tensile tests were performed using an Instron 8801 universal test-
ing machine according to ASTM D638 Type V specimen geom-
etry. Five specimens were tested for each composite group, and 
the tensile stress–strain response of each specimen was recorded; 
the ultimate tensile strength was determined from the maximum 
stress value of each curve [63]. The tensile modulus was calculated 
from the initial linear region of each stress–strain curve by ap-
plying linear regression to the 0.05%–0.15% strain interval. Since 
the strain values were recorded in percent, they were converted 
to dimensionless strain before modulus calculation. The average 
tensile strength, average tensile modulus, and corresponding stan-
dard deviation values were calculated for each formulation [63].

Izod impact tests were conducted using a CEAST Resil Impactor 
device according to ASTM D256. Five impact specimens were 
tested for each group, and the absorbed impact energy values 
were recorded directly in joules [64]. The average absorbed im-
pact energy and corresponding standard deviation values were 
calculated for each formulation. The impact results were used 
to compare the ability of the composites to absorb energy under 
sudden fracture conditions rather than to provide a direct mea-
sure of tensile reinforcement [64].

Shore D hardness measurements were performed using a Werka 
Shore D 446-100D hardness tester according to ASTM D2240-15. 
Five measurements were taken for each composite formulation, 
and the average Shore D hardness values were calculated [61]. 
Shore D hardness was evaluated as a localized surface indenta-
tion response and was therefore interpreted as a complementary 
surface-level mechanical indicator [61].

FTIR spectra of the BMC and MXene-added BMC composites 
were recorded using a Bruker Alpha-P FTIR spectrometer with 
OPUS software. The measurements were performed in transmis-
sion mode over the wavenumber range of 4000–400 cm−1 at a spec-
tral resolution of 4 cm−1 under room-temperature conditions. FTIR 
analysis was used to compare the main absorption features of the 
BMC and BMC/MXene groups and to evaluate possible spectral 
changes associated with Ti3C2Tx MXene addition [18, 26].

XRD analysis was performed using a Rigaku SmartLab X-ray 
diffractometer with Cu Kα radiation. The diffraction patterns 
of BMC, BMC/MXene-0.24, BMC/MXene-0.48, and BMC/
MXene-0.71 were collected using the same measurement con-
ditions. The full-range XRD patterns were evaluated between 
3° and 90°, and the low-angle region between 3° and 10° was 
additionally enlarged to examine MXene-related low-angle dif-
fraction features. XRD analysis was used to compare the main 
diffraction characteristics of the composite groups and to eval-
uate whether detectable structural changes appeared within 
the investigated low-content MXene range. Because the MXene 
contents were below 1 wt.% and the BMC formulation contained 
carbonaceous/graphitic filler phases, weak or overlapping 
MXene-related diffraction features were interpreted cautiously 
and in combination with TEM and SEM–EDS observations 
[65–68].

TEM analysis was carried out using an FEI TALOS F200S trans-
mission electron microscope operated at 200 kV. Representative 
samples from the MXene-added BMC groups were examined 
under the same comparative framework. TEM observations 
were used to support the local evaluation of layered MXene-
related regions, fringe-like contrast features, and possible local 
restacking or accumulation tendencies within selected observa-
tion areas [18, 43, 47].

SEM and SEM–EDS analyses were performed using a TESCAN 
MAIA3 XMU field-emission scanning electron microscope 
equipped with an Oxford X-Max 50 EDS detector. Representative 
powder-state and bulk specimens from each composite group 
were examined. SEM observations were used to evaluate the 
morphological features of the powder mixtures and molded 
bulk specimens. EDS elemental mapping and spectra were used 
to support the identification of Ti-containing MXene-related 
regions and to compare their distribution tendency among the 
MXene-added groups [16, 18, 21, 46].

3   |   Results and Discussion

3.1   |   Tensile Properties

The tensile behavior of the unmodified BMC and Ti3C2Tx 
MXene-added BMC composites was evaluated using tensile 
stress–strain curves, ultimate tensile strength values, and 
tensile modulus values. The tensile stress–strain curves of 
the produced composite groups are presented in Figure  3, 
and the corresponding tensile strength and tensile modulus 
data are summarized in Table 2. The unmodified BMC speci-
mens exhibited the lowest average tensile strength among all 
groups, with a value of 14.24 ± 1.06 MPa. This value is close to 
the supplier-reported typical tensile strength of the industrial 
BMC material, indicating that the reference specimens pro-
vided a reasonable baseline for evaluating the effect of Ti3C2Tx 
MXene addition.

As shown in Figure  3, the unmodified BMC group exhibited 
lower stress levels than the MXene-added groups during tensile 
loading. With increasing Ti3C2Tx MXene content, the stress re-
sponse of the composites increased, particularly for the BMC/
MXene-0.48 and BMC/MXene-0.71 groups. The highest stress 
levels were observed for BMC/MXene-0.71, whereas BMC/
MXene-0.48 showed a more closely grouped tensile response 
among the five tested specimens. Therefore, the tensile curves 
indicate that MXene addition increased the stress-bearing 
response of the BMC composites at all three addition lev-
els, although the degree of repeatability varied among the 
formulations.

The small fluctuations observed in some stress–strain curves 
should be considered in relation to the heterogeneous and highly 
filled nature of the industrial BMC system. BMC contains mul-
tiple solid constituents, including fiber, mineral filler, carbona-
ceous filler, and other formulation-related components. During 
tensile loading, local filler-rich regions, fiber/filler discontinu-
ities, interfacial heterogeneity, fiber/matrix debonding, and 
early microdamage events may cause minor variations or local 
stress drops in the recorded stress response. Similar non-ideal 
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7Polymer Composites, 2026

stress–strain responses and damage-related interpretations 
have been reported for glass-fiber-reinforced BMC systems, 
where tensile behavior was affected by fiber length, filler-rich 
microstructure, acoustic-emission-detected cracking, and 
SEM-observed fiber/matrix debonding. Comparable damage-
related curve behavior has also been reported for closely related 
sheet molding compound systems under tensile loading, where 
acoustic-emission studies and viscoelastic-damage analyses 
associated non-linear or non-smooth tensile response with pro-
gressive internal cracking and fiber–matrix interfacial micro-
cracking. Similar fluctuation-type features before final failure 
have also been shown in tensile curves of natural-fiber/polyes-
ter composites and were associated with progressive damage 
and partial fiber failure. In addition, the ASTM D638 Type V 
specimen geometry has a relatively small gauge section, which 
can make the measured response more sensitive to local het-
erogeneity within compression-molded BMC plates. Therefore, 
the fluctuations in Figure 3 were not interpreted as a separate 
deformation mechanism or instrumental error, but as an exper-
imental feature associated with highly filled and heterogeneous 
compression-molded BMC composites [13–15, 69–71].

As listed in Table  2, the average tensile strength increased 
from 14.24 ± 1.06 MPa for unmodified BMC to 17.98 ± 0.93, 
20.83 ± 0.62, and 24.00 ± 1.88 MPa for BMC/MXene-0.24, BMC/
MXene-0.48, and BMC/MXene-0.71, respectively. These val-
ues correspond to tensile strength increases of 26.3%, 46.3%, 
and 68.6% compared with unmodified BMC. This trend shows 
that Ti3C2Tx MXene addition contributed positively to the ulti-
mate tensile strength of the BMC composites across the three 
MXene-added groups. However, the increase in tensile strength 
should not be attributed to a single confirmed reinforcement 

mechanism; rather, it may be associated with the combined 
effects of MXene-related regions, matrix–filler contact, local 
structural continuity, and changes in fracture progression 
during tensile loading.

In addition to tensile strength, tensile modulus values were cal-
culated from the initial linear region of each stress–strain curve 
by applying linear regression to the 0.05%–0.15% strain interval. 
Since the strain values were recorded in percent, they were con-
verted to dimensionless strain before modulus calculation. The 
average tensile modulus increased from 7.85 ± 0.35 GPa for un-
modified BMC to 8.47 ± 0.67, 9.58 ± 0.75, and 10.14 ± 1.05 GPa for 
BMC/MXene-0.24, BMC/MXene-0.48, and BMC/MXene-0.71, 
respectively. These values correspond to modulus increases of 
7.9%, 22.0%, and 29.1%. Compared with the tensile strength im-
provement, the modulus increase was more moderate, indicat-
ing that low-content Ti3C2Tx MXene addition affected the initial 
stiffness response and the ultimate load-bearing response at dif-
ferent levels.

The distinction between tensile strength and tensile modulus 
is important for interpreting the mechanical response of the 
BMC/MXene composites. Tensile strength reflects the maxi-
mum stress-bearing capacity before fracture, whereas tensile 
modulus represents the initial stiffness response under small 
deformation. The more moderate increase in modulus suggests 
that the early-stage stiffness of the already highly filled BMC 
system was less sensitive to low-content MXene addition than 
the fracture-related tensile strength. This behavior is reason-
able because the unmodified BMC already contains a high 
amount of solid constituents that contribute to the initial stiff-
ness of the composite structure. The modulus data therefore 

FIGURE 3    |    Tensile stress–strain curves of (a) BMC, (b) BMC/MXene-0.24, (c) BMC/MXene-0.48, and (d) BMC/MXene-0.71 composites.
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8 Polymer Composites, 2026

strengthen the mechanical comparison, but they carry no infor-
mation about how the MXene is spatially distributed within the 
plate [39, 40, 42].

Among the MXene-added groups, BMC/MXene-0.48 had the 
lowest standard deviation in tensile strength (0.62 MPa). BMC/
MXene-0.71 reached a mean tensile strength of 24.00 MPa with 
a standard deviation of 1.88 MPa. Its mean tensile modulus was 
10.14 GPa, with a standard deviation of 1.05 GPa. The mean ten-
sile response therefore increased with MXene content, whereas 
repeatability did not improve at the same rate.

Accordingly, the tensile data were discussed with reference to 
the FTIR, XRD, TEM, SEM, and SEM–EDS findings. Direct ten-
sile measurements on Ti3C2Tx MXene monolayers have shown 
that MXene nanosheets possess high intrinsic elastic modulus 
and tensile strength, which supports their potential mechanical 
relevance in polymer composites. Nevertheless, in the present 
BMC system, the actual contribution of MXene depends on its 
local distribution, matrix contact, and compatibility with the 
highly filled thermoset formulation after compression molding. 
For this reason, the tensile strength and modulus improvements 
were considered as evidence of improved mechanical response 
within the investigated formulation range, while the underly-
ing structure–property relationship was evaluated further using 
FTIR, XRD, TEM, SEM, and SEM–EDS analyses in the follow-
ing sections [18, 54].

3.2   |   Impact Behavior

The impact behavior of the unmodified BMC and Ti3C2Tx 
MXene-added BMC composites was evaluated using the ab-
sorbed impact energy values obtained from ASTM D256 impact 
testing. The individual and average impact energy values are 
summarized in Table  3, and the average absorbed impact en-
ergy values with standard deviations are presented in Figure 4. 
The unmodified BMC specimens exhibited the lowest average 
absorbed impact energy, with a value of 0.043 ± 0.005 J. The 
MXene-added groups showed higher absorbed impact energy 
values than the unmodified BMC, indicating that Ti3C2Tx 
MXene addition affected the fracture-related energy absorption 
response at all three addition levels.

As shown in Table  3, the average absorbed impact energy in-
creased to 0.055 ± 0.004 J for BMC/MXene-0.24, 0.063 ± 0.001 J 
for BMC/MXene-0.48, and 0.066 ± 0.004 J for BMC/MXene-0.71. 
These values correspond to improvements of approximately 
27.4%, 46.0%, and 52.6%, respectively, compared with unmodi-
fied BMC. This increase indicates that Ti3C2Tx MXene addition 
improved the fracture-related energy absorption response of the 
composite structure during sudden loading. However, the dif-
ference between BMC/MXene-0.48 and BMC/MXene-0.71 was 
limited, with only a small increase in average absorbed energy 
from 0.063 J to 0.066 J. Therefore, the impact response did not 
increase as strongly as the tensile strength at the highest MXene 
content.

As shown in Figure 4, the absorbed impact energy increased 
progressively with MXene incorporation. The lowest im-
pact energy was observed for unmodified BMC, whereas the T
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9Polymer Composites, 2026

highest value was obtained for BMC/MXene-0.71. The BMC/
MXene-0.48 and BMC/MXene-0.71 groups exhibited rela-
tively close impact energy levels, indicating that the impact 
performance improvement became less pronounced at higher 
MXene contents. This limited additional gain at 0.714 wt.% 
MXene suggests that the impact-energy absorption response 
may approach saturation at the upper end of the tested com-
position interval.

In impact loading, the absorbed energy is influenced by crack 
initiation, crack propagation, local matrix deformation, filler-
related heterogeneity, and fracture-path development. Therefore, 
the impact results should not be interpreted simply as a direct 
extension of the tensile strength trend. While tensile strength 
reflects the maximum stress-bearing capacity under quasi-static 
loading, the Izod impact test reflects the energy absorbed during 
a rapid fracture event [13]. For this reason, the impact behavior 
requires a separate interpretation from the tensile response.

The increase in absorbed impact energy may be associated 
with the presence of MXene-related regions that modify the 
fracture path and increase local energy dissipation during sud-
den loading. In nanofiller-containing polymer composites, lay-
ered or platelet-like fillers can contribute to crack deflection, 
crack-path tortuosity, and localized energy absorption when 

the filler-related regions are sufficiently involved in the frac-
ture process [33, 52, 72–74]. In the present study, these effects 
are considered as possible explanations for the observed in-
crease in impact energy rather than as directly proven fracture 
mechanisms.

Among the MXene-added groups, BMC/MXene-0.48 showed 
the lowest standard deviation in absorbed impact energy, while 
BMC/MXene-0.71 exhibited the highest average absorbed im-
pact energy but with a larger standard deviation. This behavior 
is consistent with the tensile results in terms of repeatability: 
BMC/MXene-0.48 showed a more stable mechanical response, 
whereas the additional gain achieved by BMC/MXene-0.71 was 
accompanied by greater specimen-to-specimen variation. This 
suggests that increasing MXene content improved the average 
fracture-related energy absorption response, but the repeatabil-
ity of this response may still depend on local distribution tenden-
cies and microstructural heterogeneity.

The impact results indicate that low-content Ti3C2Tx MXene 
addition improved the absorbed impact energy of the indus-
trial BMC composites. However, the limited difference between 
the 0.48 and 0.71 wt.% MXene groups shows that the impact 
response should be evaluated not only by the highest average 
value, but also by the magnitude of the incremental improve-
ment and the repeatability of the data. Accordingly, the inte-
grated structure–property interpretation includes the impact 
results as well as the Shore D hardness, FTIR, XRD, TEM, SEM, 
and SEM–EDS observations.

3.3   |   Shore D Hardness

Shore D hardness measurements were performed to eval-
uate the localized surface indentation response of the un-
modified BMC and Ti3C2Tx MXene-added BMC composites. 
The individual hardness values, average Shore D hardness 
values, standard deviations, and relative increases are given 
in Table 4, while the average hardness values with standard 
deviations are shown in Figure 5. The unmodified BMC spec-
imens exhibited an average Shore D hardness of 70.6 ± 1.14. 
With Ti3C2Tx MXene addition, the average hardness val-
ues increased progressively, reaching 72.4 ± 0.89 for BMC/
MXene-0.24, 74.2 ± 1.30 for BMC/MXene-0.48, and 75.8 ± 0.84 
for BMC/MXene-0.71.

TABLE 3    |    Absorbed impact energy values of BMC and MXene-added BMC composites.

Sample group
MXene content 

(wt.%)
Impact energy 

values (J)
Average impact 

energy (J) SD (J)
Increasing 

ratio (%)

BMC 0 0.036, 0.041, 0.045, 
0.046, 0.047

0.043 0.005 —

BMC/MXene-0.24 0.238 0.052, 0.057, 0.056, 
0.050, 0.059

0.055 0.004 27.4

BMC/MXene-0.48 0.476 0.062, 0.063, 0.061, 
0.065, 0.063

0.063 0.001 46.0

BMC/MXene-0.71 0.714 0.070, 0.064, 0.062, 
0.063, 0.069

0.066 0.004 52.6

FIGURE 4    |    Average absorbed impact energy and standard devia-
tion of BMC and Ti3C2Tx MXene-added BMC composites.
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10 Polymer Composites, 2026

Compared with the unmodified BMC, these values correspond 
to hardness increases of 2.5%, 5.1%, and 7.4%, respectively. The 
gradual increase in Shore D hardness indicates that the addi-
tion of Ti3C2Tx MXene contributed to higher localized surface 
resistance at the tested addition levels. However, the magnitude 
of the hardness improvement was smaller than the increases 
observed in tensile strength and absorbed impact energy. This 
difference is important because Shore D hardness does not rep-
resent bulk tensile resistance or impact toughness; instead, it re-
flects the resistance of the near-surface region against localized 
indentation.

As shown in Figure 5, Shore D hardness increased progressively 
with MXene incorporation. The unmodified BMC group ex-
hibited the lowest average hardness value, whereas the highest 
value was obtained for BMC/MXene-0.71. This trend suggests 
that the addition of Ti3C2Tx MXene increased the localized in-
dentation resistance of the BMC surface.

The more moderate hardness increase suggests that low-content 
MXene addition affected the surface-level indentation response 
of the BMC composites but did not change this response to the 
same extent as the fracture-related or load-bearing properties. 
This behavior may be related to the already rigid and highly 
filled nature of the industrial BMC formulation. Since the un-
modified BMC contains multiple solid constituents, including 
carbonaceous and mineral filler phases, its baseline hardness is 

already relatively high. Therefore, the additional contribution of 
Ti3C2Tx MXene to Shore D hardness is expected to appear as a 
gradual surface-level improvement rather than a large stepwise 
change.

Among the MXene-added groups, BMC/MXene-0.71 reached 
a mean Shore D hardness of 75.8, while BMC/MXene-0.24 
showed the smallest hardness increase. The BMC/MXene-0.48 
group provided an intermediate hardness value but showed the 
highest standard deviation among the MXene-added groups. 
These results indicate that the hardness response increased 
with MXene content, but local surface-level variability may still 
occur depending on the local distribution of filler-rich regions 
and the heterogeneous structure of the compression-molded 
BMC plates.

In this study, Shore D hardness was therefore interpreted as a 
complementary mechanical indicator rather than as direct ev-
idence of a specific reinforcement mechanism. The observed 
hardness increase may be associated with the presence of rigid 
Ti3C2Tx MXene-related regions and their possible contribution 
to local resistance against indentation [52, 62, 72]. Nevertheless, 
the hardness results alone do not confirm homogeneous MXene 
dispersion, direct interfacial strengthening, or improved bulk 
toughness. Accordingly, Shore D hardness was treated as one 
component of the integrated structure–property interpretation, 
which also incorporated the tensile, impact, FTIR, XRD, TEM, 
SEM, and SEM–EDS findings.

3.4   |   FTIR Analysis

FTIR analysis was performed to obtain complementary spec-
troscopic information on the functional group-related features 
of the unmodified BMC and Ti3C2Tx MXene-added BMC com-
posites. The FTIR spectra of BMC, BMC/MXene-0.24, BMC/
MXene-0.48, and BMC/MXene-0.71 are presented in Figure 6. 
The spectra were evaluated to compare the characteristic ab-
sorption features of the BMC system and to identify possible 
MXene-related spectral contributions at the selected addition 
levels.

The unmodified BMC spectrum exhibited broad and partially 
overlapping absorption features, which is expected for an in-
dustrial BMC formulation containing an unsaturated polyester/
styrene-based matrix, carbonaceous filler, mineral filler, and other 
formulation-related constituents. The broad band observed around 
3400–3300 cm−1 can be associated with O  H stretching vibrations 

TABLE 4    |    Shore D hardness values of BMC and MXene-added BMC composites.

Sample group
MXene content 

(wt.%)
Hardness values 

(Shore D)

Average 
hardness 
(Shore D) SD

Increasing 
ratio (%)

BMC 0 72, 71, 71, 69, 70 70.6 1.14 —

BMC/MXene-0.24 0.238 71, 73, 73, 72, 73 72.4 0.89 2.5

BMC/MXene-0.48 0.476 73, 76, 73, 75, 74 74.2 1.30 5.1

BMC/MXene-0.71 0.714 75, 76, 77, 76, 75 75.8 0.84 7.4

FIGURE 5    |    Shore D hardness and standard deviation of BMC and 
Ti3C2Tx MXene-added BMC composites.
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11Polymer Composites, 2026

originating from adsorbed water, residual hydroxyl end-groups of 
the unsaturated polyester resin, and hydroxyl-containing surface 
species of the mineral filler phases. In the MXene-added groups, 
the surface hydroxyl terminations of Ti3C2Tx MXene are ex-
pected to contribute additionally to this region. The bands in the 
2920–2850 cm−1 region correspond to C  H stretching vibrations 
of the unsaturated polyester/styrene matrix. The absorption band 
around 1730–1715 cm−1 is associated with C  O stretching of the 
ester groups in the unsaturated polyester resin, while the 1635–
1600 cm−1 region can be assigned to aromatic C  C stretching of 
the styrene aromatic ring and possible absorbed-water contribu-
tion. The bands around 1455–1410 cm−1, 1260–1150 cm−1, 1120–
1030 cm−1, and 760–700 cm−1 are related to CH2 bending, C  O  C 
stretching, C  O stretching, and aromatic C  H out-of-plane bend-
ing vibrations, respectively.

With the addition of Ti3C2Tx MXene, the main absorption fea-
tures of the BMC matrix were largely preserved, indicating that 
MXene addition did not cause a dominant chemical transforma-
tion of the polymer matrix at these low concentrations. However, 
slight spectral changes were observed in several regions. The 
O  H stretching region around 3400–3300 cm−1 became broader 
with increasing MXene content, which can be associated with 
hydrogen-bonding-type interactions involving MXene surface 
terminations and the surrounding polymer/filler environment. 
In addition, slight shifts and broadening were observed in the 
C  O and C  O/C  O  C related regions; these changes may in-
dicate local interactions between ester groups of the polyester 
matrix and the surface functionalities of Ti3C2Tx MXene.

The low-wavenumber region is particularly important for eval-
uating MXene-related spectral contributions. The bands around 
650–550 cm−1 can be associated with Ti  O bending vibrations 
related to surface TiOx species on Ti3C2Tx MXene, while the 
520–450 cm−1 region can be assigned to Ti  C vibrations of the 
Ti3C2Tx MXene lattice. In the MXene-added composites, these 
low-wavenumber contributions became more distinguishable 
with increasing MXene content, supporting the identification of 

Ti-containing MXene-related spectral features in the BMC ma-
trix. However, because the MXene contents were below 1 wt.% 
and the BMC formulation already contained carbonaceous and 
inorganic constituents, these MXene-related FTIR contribu-
tions were expected to be weak and partially overlapped with 
the BMC background.

The main FTIR band assignments and the effect of Ti3C2Tx 
MXene incorporation are summarized in Table 5 [18, 26, 37–39].

Hydroxyl and oxygen-containing surface terminations may 
support local matrix–filler contact through polar or hydrogen-
bonding-type interactions, while Ti  O and Ti  C related fea-
tures provide complementary spectral support for Ti3C2Tx 
MXene-related contributions. Nevertheless, the FTIR spectra 
alone do not confirm direct covalent bonding between MXene 
and the BMC matrix, nor do they prove homogeneous MXene 
dispersion throughout the composite structure.

Taken together, the FTIR results indicate that the main BMC spec-
tral features were largely retained after Ti3C2Tx MXene addition, 
while weak MXene-related low-wavenumber contributions and 
slight changes in O  H, C  O, and C  O/C  O  C related regions 
were observed. These spectral changes indicate possible functional 
group-related interactions and Ti-containing MXene-related fea-
tures, while XRD, TEM, and SEM–EDS provide complementary 
structural, morphological, and elemental evidence.

3.5   |   XRD Analysis

XRD analysis was performed to obtain complementary structural 
information on the unmodified BMC and Ti3C2Tx MXene-added 
BMC composites. The full-range XRD patterns between 3° and 
90° are shown in Figure 7a, while the enlarged low-angle region 
between 3° and 10° is presented in Figure 7b. The low-angle re-
gion was enlarged because the characteristic (002) reflection of 
multilayer Ti3C2Tx MXene is generally observed at low 2θ val-
ues, whereas the full-range patterns of the present BMC system 
are dominated by the carbonaceous/graphitic constituents of the 
highly filled industrial formulation [65–67, 75, 76].

In the full-range XRD patterns, all samples exhibited a strong and 
sharp reflection at approximately 26°–27°, together with weaker 
reflections at higher angles. Since these reflections were also pres-
ent in the unmodified BMC sample, they were mainly attributed 
to the graphitic/carbonaceous filler constituents of the BMC for-
mulation rather than to newly formed crystalline phases after 
MXene addition. This interpretation is consistent with graphite-
containing bipolar plate and polymer/graphite composite studies, 
where the intense reflection around 26°–27° is assigned to gra-
phitic/carbonaceous crystalline structures [67, 68].

The enlarged low-angle region in Figure  7b provides more 
specific information on the MXene-added composites. The 
unmodified BMC sample did not show a distinct low-angle re-
flection in this region. In contrast, the MXene-added compos-
ites exhibited a broad MXene-related feature around 6.0°–6.3°, 
which can be assigned to the low-angle (002) reflection of 
layered Ti3C2Tx MXene. This feature was weak and broad in 
BMC/MXene-0.24 and BMC/MXene-0.48, but became more 

FIGURE 6    |    FTIR spectra of unmodified BMC and Ti3C2Tx MXene-
added BMC composites.
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12 Polymer Composites, 2026

distinguishable in BMC/MXene-0.71. The increased visibility 
of this low-angle reflection with increasing MXene content 
supports the presence of MXene-related layered domains in the 
composites [65, 66, 75, 76].

The broad nature of the low-angle MXene-related reflection 
is important. It suggests that the MXene contribution was not 
present as a sharp, highly ordered crystalline phase throughout 
the whole composite. Instead, the broad reflection is consistent 
with local layered, overlapped, and partially restacked MXene-
related regions. This interpretation is also consistent with the 
TEM observations in Figure  8. Because the MXene contents 
were below 1 wt.% and the BMC formulation contained a strong 
carbonaceous/graphitic background, the MXene-related diffrac-
tion contribution was expected to be weak and partially masked 
in the full-range patterns. Therefore, the XRD results were not 
interpreted as proof of homogeneous MXene dispersion or com-
plete exfoliation.

The main XRD features and their interpretation are summa-
rized in Table 6 [65–68, 75, 76].

Taken together, the XRD results indicate that the main gra-
phitic/carbonaceous structural features of the BMC formulation 
were retained after Ti3C2Tx MXene addition, while the enlarged 
low-angle region revealed a weak-to-moderate MXene-related 
(002) contribution that became more distinguishable with in-
creasing MXene content. These observations provide comple-
mentary structural support for the presence of MXene-related 
layered regions, with FTIR, TEM, and SEM–EDS offering ad-
ditional spectroscopic, morphological, and elemental evidence.

3.6   |   TEM Analysis

TEM analysis was performed to obtain local morphological 
information on the layered regions observed in the Ti3C2Tx 

TABLE 5    |    FTIR band assignments and the effect of Ti3C2Tx MXene incorporation in BMC composites.

Approximate 
band (cm−1) Band assignment Origin Effect of MXene incorporation

3400–3300 O  H stretching Adsorbed water and residual 
hydroxyl groups of the BMC 

matrix and filler phases; 
additionally the –OH surface 

terminations of Ti3C2Tx MXene 
in the MXene-added groups

The band broadened with increasing MXene 
content due to enhanced hydrogen-bonding 

interactions between MXene surface 
terminations and the polymer matrix.

2920–2850 C  H stretching Unsaturated polyester/
styrene matrix

The peak position remains nearly 
unchanged, while the intensity may slightly 

decrease because of the filler effect.

1730–1715 C  O stretching Unsaturated polyester resin A slight shift toward lower wavenumbers and 
band broadening were observed, indicating 

interfacial interactions between the ester 
groups and MXene surface functionalities.

1635–1600 Aromatic C  C 
stretching

Styrene aromatic ring 
and absorbed water

The band may become slightly broader 
owing to the hydroxyl-terminated 

surface of Ti3C2Tx MXene.

1455–1410 CH2 bending Polyester matrix No significant chemical change is expected; only 
minor variations in intensity may be observed.

1260–1150 C  O  C stretching Ester linkage of the 
polyester matrix

Slight intensity variations may 
occur due to interfacial interactions 

between the matrix and MXene.

1120–1030 C  O stretching Polyester matrix Minor changes in peak intensity or slight shifts 
may be observed following MXene incorporation.

760–700 Aromatic C  H out-
of-plane bending

Styrene aromatic ring Generally remains unchanged 
after MXene addition.

650–550 Ti  O bending 
vibration

Surface TiOx on Ti3C2Tx MXene One of the characteristic spectral regions of 
MXene, the absorption may become more 

pronounced with increasing MXene loading.

520–450 Ti  C vibrations Ti3C2Tx MXene lattice The absorption intensity increased with 
increasing MXene content, supporting 

the presence of Ti-based MXene-related 
features in the BMC matrix.
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13Polymer Composites, 2026

MXene-added BMC composites. Representative TEM micro-
graphs of BMC/MXene-0.24, BMC/MXene-0.48, and BMC/
MXene-0.71 are presented in Figure 8. Since Ti3C2Tx MXene is 
known to exhibit a two-dimensional, multilayered, sheet-like 
morphology with a tendency for intersheet overlap or restack-
ing depending on processing and concentration, the observed 
lamellar and fringe-like regions were interpreted as MXene-
related local layered features. However, because the industrial 
BMC formulation contains carbonaceous constituents and TEM 
provides local-area information, the TEM images were not used 
as standalone proof of homogeneous MXene dispersion or di-
rect chemical identification of every observed layered region 
[18, 37, 38].

For the BMC/MXene-0.24 sample, the TEM images showed 
locally observed sheet-like lamellar regions at lower magnifica-
tion, as shown in Figure  8a. At higher magnifications, paral-
lel layered/fringe-like contrast and localized nanoscale layered 
texture were observed, as shown in Figure 8b,c. These features 
are consistent with thin and relatively discrete MXene-related 
lamellar regions within the examined areas. At this lowest in-
vestigated MXene content, dense local accumulation or exten-
sive restacking was not clearly observed. Therefore, the BMC/
MXene-0.24 morphology was interpreted as a low-content state 
in which MXene-related layered features were locally visible but 
remained comparatively less compact and less overlapped than 
in the higher-content groups.

For the BMC/MXene-0.48 sample, elongated sheet-like lamellar 
regions and partially overlapped lamellar areas were observed, as 
shown in Figure 8d. The higher-magnification images revealed 
possible partially restacked edges, parallel fringe-like layered 
domains, and localized nanoscale stacked texture, as shown in 
Figure 8e,f. Compared with BMC/MXene-0.24, the lamellar fea-
tures in BMC/MXene-0.48 appeared more integrated and more 
visibly overlapped within the selected local regions. This ob-
servation suggests a concentration-dependent increase in local 
contact and partial overlap of MXene-related lamellar structures 
when the MXene content increased from 0.24 to 0.48 wt.%. This 
interpretation is consistent with the mechanical results, where 
BMC/MXene-0.48 showed improved tensile strength, impact 

energy, and hardness together with comparatively repeatable 
mechanical behavior.

For the BMC/MXene-0.71 sample, large overlapped sheet-like 
regions and locally dense overlapped regions were more evident 
at lower magnification, as shown in Figure 8g. The intermedi-
ate- and higher-magnification images showed thickened overlap 
regions, possible local restacking, parallel fringe-like domains, 
and dense nanoscale layered texture, as shown in Figure 8h,i. At 
0.71 wt.% MXene, the layered regions appeared denser and more 
compact than those observed in the lower-content samples. This 
morphology coincided with the greater mean tensile strength, 
impact energy, and Shore D hardness measured for BMC/
MXene-0.71. At the same time, the presence of locally dense or 
thickened regions suggests that increasing MXene content may 
also increase the tendency for local restacking or accumulation, 
which is consistent with the higher scatter observed in some me-
chanical results for this group.

Therefore, the TEM observations support a concentration-
dependent transition from relatively discrete lamellar features 
at 0.24 wt.% MXene to partially overlapped regions at 0.48 wt.% 
and more locally dense/restacked layered regions at 0.71 wt.% 
MXene. The corresponding SEM–EDS results further supported 
the presence of Ti-containing MXene-related regions. The infer-
ence remains limited to the areas actually examined [18, 43, 47]. 
The TEM observations complement the SEM–EDS findings by 
showing local layered/fringe-like MXene-related morphologies, 
while SEM–EDS provides elemental support for Ti-containing 
regions over selected powder and bulk observation areas.

3.7   |   SEM–EDS-Based Microstructural 
Interpretation

Scanning electron microscopy combined with energy-dispersive 
X-ray spectroscopy (SEM–EDS) was used to examine the mor-
phological features of the powder mixtures and compression-
molded bulk composites and to identify Ti-containing 
MXene-related regions. Because the industrial BMC system 
already contains heterogeneous carbonaceous and filler-rich 

FIGURE 7    |    XRD patterns of BMC and Ti3C2Tx MXene-added BMC composites: (a) full range from 3° to 90° and (b) enlarged low-angle region 
from 3° to 10°.
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14 Polymer Composites, 2026

constituents, SEM observations alone were not considered suf-
ficient to distinguish MXene-related structures from the BMC 
background. Therefore, SEM images were interpreted together 
with the corresponding EDS maps and spectra. In this study, the 
SEM–EDS results were used as complementary microstructural 
evidence and were not treated as standalone proof of homoge-
neous MXene dispersion or direct interfacial strengthening 
[18, 48].

The powder-state SEM images and corresponding SEM–EDS 
results are presented in Figure  9. The unmodified BMC pow-
der mixture exhibited irregular, plate-like, and heterogeneous 
particles, which is consistent with the complex multi-component 
nature of the BMC formulation. In the EDS spectrum of the 
unmodified BMC powder mixture, carbon was the dominant 

detected element, and no Ti signal was observed. This observa-
tion is important because it indicates that Ti-containing signals 
detected in the MXene-added groups can be associated with 
Ti3C2Tx MXene-related regions rather than with the original 
BMC formulation [37, 38].

After Ti3C2Tx MXene addition, weak but detectable Ti signals 
appeared in the EDS spectra of the powder mixtures. The Ti 
content obtained from the mapped regions increased from ap-
proximately 0.1 atomic percent (at.%) for BMC/MXene-0.24 to 
0.2 at.% for BMC/MXene-0.48 and 0.3 at.% for BMC/MXene-0.71. 
This trend is consistent with the increasing amount of MXene 
added to the BMC powder mixture. In the corresponding SEM 
images and EDS maps, Ti-marked regions were observed on or 
between the carbonaceous and filler-rich particles. For BMC/

FIGURE 8    |    TEM micrographs of (a–c) BMC/MXene-0.24, (d–f) BMC/MXene-0.48, and (g–i) BMC/MXene-0.71 at increasing magnifications. 
Boxes indicate the regions examined at higher magnification.
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15Polymer Composites, 2026

MXene-0.24, the Ti signal appeared limited and localized. 
For BMC/MXene-0.48, Ti-containing regions appeared more 
visible over the mapped area, suggesting a more widespread 
distribution tendency within the powder mixture. For BMC/
MXene-0.71, the Ti signal intensity increased further; however, 
several local Ti-rich regions were also apparent. These powder-
state observations support the presence of Ti-containing 
MXene-related regions before compression molding, within the 
limits of the mapped areas [18, 43, 52].

The SEM images and corresponding SEM–EDS results of the 
compression-molded bulk composites are presented in Figure 10. 
The unmodified BMC bulk specimen exhibited a compact and het-
erogeneous morphology typical of a compression-molded, highly 
filled thermoset composite. Similar to the powder-state results, 
no Ti signal was detected in the EDS spectrum of the unmodified 
bulk BMC specimen. In contrast, Ti signals were detected in all 
MXene-added bulk composites, again supporting the presence of 
Ti-containing MXene-related regions after compression molding.

In the bulk composites, the Ti content obtained from the mapped 
areas was approximately 0.1 at.% for BMC/MXene-0.24, 0.2 at.% 
for BMC/MXene-0.48, and 0.3 at.% for BMC/MXene-0.71. The 
BMC/MXene-0.24 specimen showed a limited number of Ti-
containing regions distributed over the mapped area. The BMC/
MXene-0.48 specimen exhibited a more visible and relatively 
more widespread Ti signal distribution within the observed re-
gion. By contrast, the BMC/MXene-0.71 specimen showed stron-
ger Ti-rich zones, but these regions also appeared more localized 

in certain areas. This behavior suggests that increasing MXene 
content increased the detectability of Ti-containing regions, 
while the highest addition level also showed a tendency toward 
more locally concentrated Ti-rich areas [18, 49].

The combined powder-state and bulk SEM–EDS observations 
indicate that Ti-containing MXene-related regions were present 
both before and after compression molding. At the same time, 
the results also show the limitations of the method. SEM images 
alone do not allow direct distinction of MXene from the hetero-
geneous carbon-rich BMC background, and EDS mapping at the 
present scale does not prove homogeneous nanoscale dispersion. 
Therefore, the SEM–EDS results were used primarily to iden-
tify Ti-containing regions and compare distribution tendencies 
among the groups.

BMC/MXene-0.48 showed lower scatter in tensile strength and 
impact energy, and its Ti signal covered a broader part of the 
mapped area. BMC/MXene-0.71 had higher mean mechanical 
values, but the Ti-rich regions were more localized. This inter-
pretation is consistent with the increased specimen-to-specimen 
variation observed in some of the mechanical data. Accordingly, 
the SEM–EDS results support the view that low-content Ti3C2Tx 
MXene addition can contribute to the performance of indus-
trial BMC composites, while the highest investigated addition 
level may also increase the tendency for local accumulation or 
agglomeration-related features. For this reason, the SEM–EDS 
findings were interpreted as supportive microstructural evi-
dence [39, 48].

TABLE 6    |    Main XRD features observed in unmodified BMC and Ti3C2Tx MXene-added BMC composites.

Approximate 
2θ region (°) Assigned feature

Main observation 
in this study Interpretation References

6.0–6.3 Ti3C2Tx MXene-related 
low-angle (002) reflection

Not clearly observed in 
unmodified BMC; weak/

broad in BMC/MXene-0.24 
and BMC/MXene-0.48; 
more distinguishable 
in BMC/MXene-0.71

Supports the presence of 
MXene-related layered/

restacked domains within 
the low-content BMC/

MXene composites

[65, 66, 75, 76]

26–27 Graphitic/carbonaceous 
(002) reflection

Strong and sharp reflection 
observed in all samples, 

including unmodified BMC

Mainly attributed to the 
conductive carbonaceous/

graphitic constituents of the 
BMC formulation rather 
than to MXene addition

[67, 68]

43–45 Graphitic/carbonaceous-
related reflections

Weak reflections 
observed in all samples

Associated with 
carbonaceous/graphitic 

components already present 
in the BMC system

[67, 68]

54–56 Carbonaceous/graphitic 
high-angle reflection

Weak reflections 
observed in all samples

Indicates retention of the 
carbonaceous crystalline 

contribution of the 
BMC formulation

[67, 68]

77–84 Carbonaceous/graphitic 
high-angle reflections

Weak high-angle reflections 
were observed in all samples

Related to the graphitic/
carbonaceous filler 
background of the 
BMC formulation

[67, 68]
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16 Polymer Composites, 2026

The SEM–EDS observations also complement the TEM find-
ings. TEM provided local visual evidence of layered/fringe-like 
MXene-related regions, while SEM–EDS provided elemental 
support for Ti-containing regions over selected powder and 
bulk observation areas. Therefore, TEM and SEM–EDS were 
interpreted together to discuss the local distribution tendency 
of MXene-related regions rather than to claim whole-sample ho-
mogeneous dispersion.

3.8   |   Structure–Property Relationship

The mechanical performance of the Ti3C2Tx MXene-added 
BMC composites should be interpreted together with the 

complementary spectroscopic, structural, and microstructural 
observations. The tensile, impact, and Shore D hardness results 
showed that low-content MXene addition improved the mechan-
ical response of the industrial BMC system. However, these im-
provements should not be assigned to a single mechanism based 
only on mechanical testing. Instead, the observed behavior 
should be considered as the combined result of MXene-related 
regions, local matrix–filler contact, filler-rich BMC morphology, 
and the heterogeneous nature of the compression-molded ther-
moset composite [18].

To place the mechanical improvements observed in the present 
BMC/MXene system into a broader context, representative quan-
titative results from open literature on BMC systems, MXene/

FIGURE 9    |    Powder-state SEM images, elemental maps, and EDS spectra of (a) BMC, (b) BMC/MXene-0.24, (c) BMC/MXene-0.48, and (d) BMC/
MXene-0.71.
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17Polymer Composites, 2026

polymer composites, and related two-dimensional filler/poly-
mer composites are summarized in Table 7. The comparison is 
not intended to provide a direct one-to-one equivalence because 
the matrices, filler types, processing routes, filler contents, and 
testing modes differ among the studies. Instead, the table is used 
to show how low-content Ti3C2Tx MXene addition in the pres-
ent highly filled industrial BMC system compares with reported 
property changes in related composite systems.

The first row of Table 7 summarizes the results of the present 
study, while the remaining rows list reported values for BMC, 
MXene/polymer, and related two-dimensional filler/polymer 
composite systems. The magnitude of mechanical improvement 
in these systems depends strongly on the matrix type, filler 

loading, filler distribution state, surface chemistry, processing 
route, and testing method. The present work differs from most 
of the listed studies in that Ti3C2Tx MXene was added at below 
1 wt.% into an already highly filled industrial BMC formulation 
and processed by compression molding without changing the es-
tablished molding route. The values given in the first row should 
therefore not be compared in absolute terms with neat epoxy, 
PVA, Elium, coating, or hybrid nanocomposite systems, whose 
unfilled or lightly filled matrices provide a considerably lower 
mechanical baseline. Read against this difference in baseline, 
the comparison indicates that the improvements obtained in 
the present study are meaningful within the context of a highly 
filled BMC system, in which the initial stiffness, solid content, 
and processing constraints are already significant.

FIGURE 10    |    SEM images, elemental maps, and EDS spectra of compression-molded bulk composites: (a) BMC, (b) BMC/MXene-0.24, (c) BMC/
MXene-0.48, and (d) BMC/MXene-0.71.

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.71491 by Istanbul G

elisim
 U

niversitesi, W
iley O

nline L
ibrary on [25/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



18 Polymer Composites, 2026

T
A

B
L

E
 7

    
|    

Q
ua

nt
ita

tiv
e 

co
m

pa
ri

so
n 

of
 m

ec
ha

ni
ca

l p
ro

pe
rt

y 
ch

an
ge

s r
ep

or
te

d 
fo

r B
M

C
, M

X
en

e/
po

ly
m

er
, a

nd
 re

la
te

d 
tw

o-
di

m
en

si
on

al
 fi

lle
r/

po
ly

m
er

 c
om

po
si

te
s.

C
om

po
si

te
 s

ys
te

m
/s

tu
dy

 fo
cu

s
A

dd
ed

 fi
ll

er
/m

od
if

ic
at

io
n 

an
d 

lo
ad

in
g

E
va

lu
at

ed
 p

ro
pe

rt
y

R
ep

or
te

d 
re

su
lt

/c
ha

n
ge

R
ef

er
en

ce
s

Pr
es

en
t s

tu
dy

—
in

du
st

ri
al

 h
ig

hl
y 

fil
le

d 
BM

C
 c

om
po

si
te

0.
71

4 w
t.%

 T
i 3C

2T
x M

X
en

e;
 

co
m

pr
es

si
on

 m
ol

de
d 

un
de

r 
un

ch
an

ge
d 

in
du

st
ri

al
 

m
ol

di
ng

 c
on

di
tio

ns

Te
ns

ile
 st

re
ng

th
, t

en
si

le
 m

od
ul

us
, I

zo
d 

im
pa

ct
 e

ne
rg

y,
 S

ho
re

 D
 h

ar
dn

es
s

Te
ns

ile
 st

re
ng

th
 in

cr
ea

se
d 

by
 6

8.
6%

 
(1

4.
24

 →
 2

4.
00

 M
Pa

); 
te

ns
ile

 m
od

ul
us

 
in

cr
ea

se
d 

by
 2

9.
1%

 (7
.8

5 →
 10

.1
4 G

Pa
); 

ab
so

rb
ed

 im
pa

ct
 e

ne
rg

y 
in

cr
ea

se
d 

by
 

52
.6

%
; S

ho
re

 D
 h

ar
dn

es
s i

nc
re

as
ed

 b
y 

7.
4%

, a
ll 

re
la

tiv
e 

to
 u

nm
od

ifi
ed

 B
M

C
.

—

Ju
te

 c
ho

pp
ed

 fi
be

r r
ei

nf
or

ce
d 

BM
C

C
al

ci
um

 c
ar

bo
na

te
 o

r k
ao

lin
 

fil
le

r i
n 

ju
te

 c
ho

pp
ed

 fi
be

r B
M

C
Te

ns
ile

 st
re

ng
th

 a
nd

 Y
ou

ng
's 

m
od

ul
us

C
al

ci
um

 c
ar

bo
na

te
-fi

lle
d 

BM
C

 sh
ow

ed
 

re
po

rt
ed

 te
ns

ile
 st

re
ng

th
 a

nd
 Y

ou
ng

's 
m

od
ul

us
 v

al
ue

s o
f a

pp
ro

xi
m

at
el

y 
21

 M
Pa

 a
nd

 9
.6

 G
Pa

; l
ar

ge
 sc

at
te

r 
w

as
 re

po
rt

ed
 fo

r B
M

C
 sp

ec
im

en
s.

[2
]

Sh
or

t g
la

ss
 fi

be
r c

om
pr

es
si

on
-m

ol
de

d 
BM

C
Fi

be
r s

ho
rt

en
in

g 
by

 e
xt

en
de

d 
m

ix
in

g 
in

 C
aC

O
3-

fil
le

d 
BM

C
C

ha
rp

y 
im

pa
ct

 st
re

ng
th

A
ve

ra
ge

 C
ha

rp
y 

im
pa

ct
 v

al
ue

 
in

cr
ea

se
d 

by
 a

pp
ro

xi
m

at
el

y 
26

.1
%

, f
ro

m
 7

.6
3 

to
 9

.6
2 k

J m
−2

.

[1
3]

In
je

ct
io

n-
m

ol
de

d 
gl

as
s f

ib
er

 re
in

fo
rc

ed
 

BM
C

Su
b-

m
ill

im
et

er
 fi

be
r s

pa
ci

ng
/

sh
or

te
ne

d 
gl

as
s f

ib
er

 c
on

fig
ur

at
io

n
Te

ns
ile

 m
od

ul
us

In
iti

al
 a

nd
 m

ax
im

um
 te

ns
ile

 m
od

ul
us

 
in

cr
ea

se
d 

by
 a

pp
ro

xi
m

at
el

y 
5%

–2
5%

, 
de

pe
nd

in
g 

on
 fi

be
r-

sp
ac

in
g-

re
la

te
d 

m
ic

ro
st

ru
ct

ur
al

 c
on

di
tio

ns
.

[1
4]

G
la

ss
 fi

be
r r

ei
nf

or
ce

d 
BM

C
E-

gl
as

s f
ib

er
 le

ng
th

 sh
or

te
ne

d 
fr

om
 6

.4
 m

m
 to

 0
.4

4 m
m

 in
 B

M
C

 
co

nt
ai

ni
ng

 2
0 

m
as

s%
 E

-g
la

ss
 fi

be
r

Te
ns

ile
 st

ra
in

 a
nd

 te
ns

ile
 st

re
ng

th
Fr

ac
tu

re
 st

ra
in

 in
cr

ea
se

d 
by

 a
lm

os
t 

40
%

, a
nd

 te
ns

ile
 st

re
ng

th
 in

cr
ea

se
d 

by
 a

lm
os

t 6
0%

 c
om

pa
re

d 
w

ith
 

lo
ng

er
-fi

be
r B

M
C

-G
FR

P 
sa

m
pl

es
.

[1
5]

M
X

en
e/

ep
ox

y 
na

no
co

m
po

si
te

 in
te

rf
ac

e 
st

ud
y

M
X

en
e 

lo
ad

in
g 

up
 to

 
an

d 
ab

ov
e 

1 v
ol

.%
Yo

un
g'

s m
od

ul
us

 a
nd

 in
te

rf
ac

e-


re
la

te
d 

m
ec

ha
ni

ca
l r

es
po

ns
e

Yo
un

g'
s m

od
ul

us
 in

cr
ea

se
d 

up
 to

 
a 

ce
rt

ai
n 

M
X

en
e 

co
nt

en
t, 

w
hi

le
 

th
e 

ef
fe

ct
iv

en
es

s w
as

 re
du

ce
d 

at
 

hi
gh

er
 c

on
te

nt
s b

ec
au

se
 o

f t
he

 
te

nd
en

cy
 fo

r f
ill

er
 a

gg
re

ga
tio

n.

[3
9]

Ti
3C

N
 M

X
en

e/
ep

ox
y 

co
m

po
si

te
H

ig
h 

Ti
3C

N
 M

X
en

e 
lo

ad
in

g,
 u

p 
to

 9
0 w

t.%
Yo

un
g'

s m
od

ul
us

 a
nd

 c
re

ep
 re

si
st

an
ce

Yo
un

g'
s m

od
ul

us
 re

ac
he

d 
12

.8
 G

Pa
 

at
 h

ig
h 

M
X

en
e 

lo
ad

in
g;

 c
re

ep
 

re
si

st
an

ce
 in

cr
ea

se
d 

by
 4

6%
 

co
m

pa
re

d 
w

ith
 n

ea
t e

po
xy

.

[4
0]

(C
on

tin
ue

s)

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.71491 by Istanbul G

elisim
 U

niversitesi, W
iley O

nline L
ibrary on [25/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



19Polymer Composites, 2026

C
om

po
si

te
 s

ys
te

m
/s

tu
dy

 fo
cu

s
A

dd
ed

 fi
ll

er
/m

od
if

ic
at

io
n 

an
d 

lo
ad

in
g

E
va

lu
at

ed
 p

ro
pe

rt
y

R
ep

or
te

d 
re

su
lt

/c
ha

n
ge

R
ef

er
en

ce
s

Ti
3C

2T
x M

X
en

e/
M

W
C

N
T 

ep
ox

y 
na

no
co

m
po

si
te

1 w
t.%

 M
W

C
N

T–
M

X
en

e 
hy

br
id

 fi
lle

r
Yo

un
g'

s m
od

ul
us

, f
le

xu
ra

l m
od

ul
us

, 
an

d 
fr

ac
tu

re
 to

ug
hn

es
s

Yo
un

g'
s m

od
ul

us
 a

nd
 fl

ex
ur

al
 

m
od

ul
us

 in
cr

ea
se

d 
by

 3
1%

 a
nd

 
28

%
, r

es
pe

ct
iv

el
y;

 fr
ac

tu
re

 
to

ug
hn

es
s i

nc
re

as
ed

 b
y 

84
.5

%
 

co
m

pa
re

d 
w

ith
 n

ea
t e

po
xy

.

[4
1]

Ti
3C

2T
x M

X
en

e/
El

iu
m

 c
om

po
si

te
0.

75
 w

t.%
 T

i 3C
2T

x M
X

en
e

Te
ns

ile
 st

re
ng

th
, f

le
xu

ra
l 

st
re

ng
th

, f
ra

ct
ur

e 
to

ug
hn

es
s

Te
ns

ile
 st

re
ng

th
 re

ac
he

d 
69

.4
5 M

Pa
, 

fle
xu

ra
l s

tr
en

gt
h 

re
ac

he
d 

11
0 M

Pa
, 

an
d 

fr
ac

tu
re

 to
ug

hn
es

s i
nc

re
as

ed
 

by
 3

1%
 c

om
pa

re
d 

w
ith

 n
ea

t E
liu

m
.

[5
2]

Ti
3C

2T
x M

X
en

e/
PV

A
 n

an
oc

om
po

si
te

0.
6 w

t.%
 T

i 3C
2T

x M
X

en
e

Yo
un

g'
s m

od
ul

us
 a

nd
 te

ns
ile

 st
re

ng
th

Yo
un

g'
s m

od
ul

us
 in

cr
ea

se
d 

by
 2

7%
, 

an
d 

te
ns

ile
 st

re
ng

th
 im

pr
ov

ed
 b

y 
24

%
.

[5
4]

Ti
3C

2T
x M

X
en

e/
M

oS
2 h

yb
ri

d 
ep

ox
y 

co
at

in
g

0.
5 w

t.%
 M

X
en

e/
M

oS
2 

hy
br

id
 n

an
of

ill
er

Te
ns

ile
 st

re
ng

th
, h

ar
dn

es
s,

 
an

d 
st

or
ag

e 
m

od
ul

us
Te

ns
ile

 st
re

ng
th

 in
cr

ea
se

d 
by

 
ap

pr
ox

im
at

el
y 

3.
5 

tim
es

; h
ar

dn
es

s 
in

cr
ea

se
d 

by
 1

12
%

 fr
om

 1
46

.6
 to

 
31

1.
4 M

Pa
; s

to
ra

ge
 m

od
ul

us
 in

cr
ea

se
d 

by
 4

5%
 fr

om
 1

35
4 

to
 1

95
8 M

Pa
.

[5
5]

M
X

en
e-

fu
nc

tio
na

liz
ed

 sh
or

t c
ar

bo
n 

fib
er

/
ep

ox
y 

co
m

po
si

te
Ti

3C
2T

x-f
un

ct
io

na
liz

ed
 

sh
or

t c
ar

bo
n 

fib
er

s
Te

ns
ile

 st
re

ng
th

 a
nd

 fl
ex

ur
al

 st
re

ng
th

Te
ns

ile
 st

re
ng

th
 in

cr
ea

se
d 

fr
om

 1
24

.6
 

to
 1

41
.2

 M
Pa

, w
hi

le
 fl

ex
ur

al
 st

re
ng

th
 

in
cr

ea
se

d 
fr

om
 1

65
.7

 to
 1

99
.3

 M
Pa

.

[5
7]

Lo
w

-c
on

te
nt

 T
i 3C

2T
x M

X
en

e/
ep

ox
y 

co
m

po
si

te
0.

1 w
t.%

 m
ul

til
ay

er
 o

r f
ew

-
la

ye
r T

i 3C
2T

x M
X

en
e

Te
ns

ile
 st

re
ng

th
 re

te
nt

io
n 

af
te

r h
yd

ro
th

er
m

al
 a

gi
ng

A
fte

r 4
00

 h
 o

f h
yd

ro
th

er
m

al
 a

gi
ng

, 
te

ns
ile

 st
re

ng
th

 re
te

nt
io

n 
w

as
 8

5.
3%

 
fo

r m
ul

til
ay

er
 M

X
en

e/
ep

ox
y 

an
d 

83
.0

%
 fo

r f
ew

-la
ye

r M
X

en
e/

ep
ox

y,
 

co
m

pa
re

d 
w

ith
 6

9.
1%

 fo
r n

ea
t e

po
xy

.

[6
0]

Ti
3C

2T
x M

X
en

e/
ep

ox
y 

co
m

po
si

te
0.

2 w
t.%

 T
i 3C

2T
x M

X
en

e
Te

ns
ile

 st
re

ng
th

 a
nd

 fl
ex

ur
al

 st
re

ng
th

Te
ns

ile
 st

re
ng

th
 in

cr
ea

se
d 

by
 5

1%
, a

nd
 

fle
xu

ra
l s

tr
en

gt
h 

in
cr

ea
se

d 
by

 3
2%

.
[7

7]

PE
I-

fu
nc

tio
na

liz
ed

 T
i 3C

2T
x M

X
en

e/
ep

ox
y 

co
m

po
si

te
0.

5 w
t.%

 P
EI

-fu
nc

tio
na

liz
ed

 
Ti

3C
2T

x M
X

en
e

C
om

pr
es

si
ve

 st
re

ng
th

 a
nd

 
fr

ac
tu

re
 to

ug
hn

es
s

C
om

pr
es

si
ve

 st
re

ng
th

 in
cr

ea
se

d 
by

 a
pp

ro
xi

m
at

el
y 

40
%

; K
IC

 a
nd

 
G

IC
 in

cr
ea

se
d 

by
 a

pp
ro

xi
m

at
el

y 
70

%
 a

nd
 1

40
%

, r
es

pe
ct

iv
el

y.
 A

t 
hi

gh
er

 lo
ad

in
g,

 a
gg

lo
m

er
at

io
n 

re
du

ce
d 

th
e 

m
ec

ha
ni

ca
l b

en
ef

it.

[7
8]

(C
on

tin
ue

s)

T
A

B
L

E
 7

    
|    


(C

on
tin

ue
d)

 15480569, 0, D
ow

nloaded from
 https://4spepublications.onlinelibrary.w

iley.com
/doi/10.1002/pc.71491 by Istanbul G

elisim
 U

niversitesi, W
iley O

nline L
ibrary on [25/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



20 Polymer Composites, 2026

The literature comparison also supports the cautious interpre-
tation adopted in this study. Previous BMC studies have shown 
that fiber length, filler type, filler configuration, and processing-
related microstructural features can markedly influence tensile 
strength, tensile modulus, impact behavior, and data scatter 
in molded thermoset composites [2, 13–15]. Similarly, MXene/
polymer studies have reported that Ti3C2Tx MXene can improve 
tensile, flexural, compressive, fracture-related, interfacial, 
hardness, and durability-related properties at low or moderate 
contents when the filler morphology, surface state, and matrix 
compatibility are favorable [39–41, 52, 54, 55, 57, 60, 77, 80]. At 
the same time, several studies emphasize that excessive filler 
loading, local aggregation, nanosheet restacking, and insuf-
ficient distribution can reduce the effectiveness of MXene ad-
dition or increase variability in mechanical response [18, 39, 
43–45, 47]. These literature findings are consistent with the 
present results, where increasing MXene content improved the 
average mechanical response, while the highest MXene content 
also showed greater scatter in some mechanical properties.

The FTIR results indicated that the main spectral features of the 
BMC system were largely preserved after Ti3C2Tx MXene addi-
tion. Slight broadening or intensity variations in the O  H, C  O, 
C  O  C, and C  O related regions may be associated with local 
interactions between the polyester/styrene-based matrix and 
MXene surface terminations. In addition, the low-wavenumber 
Ti  O and Ti  C related contributions became more distinguish-
able with increasing MXene content, supporting the identifica-
tion of Ti-containing MXene-related spectral features. These 
observations suggest that the mechanical improvements were 
not mainly associated with a dominant chemical transformation 
of the BMC matrix. Rather, the FTIR results support a predomi-
nantly physical contribution of low-content MXene addition, in-
cluding local matrix–filler contact and hydrogen-bonding-type 
interaction tendencies [18, 26, 37–39, 48].

The XRD results complemented the FTIR, TEM, and SEM–EDS 
findings by separating the dominant carbonaceous/graphitic 
background of the BMC formulation from the weak MXene-
related low-angle contribution. The full-range XRD patterns 
were dominated by graphitic/carbonaceous reflections that 
were already present in the unmodified BMC sample, indicating 
that low-content MXene addition did not produce a major de-
tectable high-angle crystalline phase change in the BMC struc-
ture. In contrast, the enlarged low-angle region showed a broad 
MXene-related (002) reflection around 6.0°–6.3°, which became 
more distinguishable with increasing MXene content. The 
broad low-angle reflection was assigned to MXene-related lay-
ered domains; however, its weak intensity and broad profile do 
not establish homogeneous dispersion or complete exfoliation. 
This interpretation is consistent with TEM observations, where 
the MXene-added composites showed local layered, overlapped, 
and partially restacked regions rather than uniform nanoscale 
dispersion throughout the whole BMC structure [65–68, 75, 76].

TEM observations provided local morphological evidence of 
layered, fringe-like, overlapped, and locally stacked MXene-
related regions in the MXene-added composites. The BMC/
MXene-0.24 sample showed relatively discrete local lamellar 
features, whereas BMC/MXene-0.48 showed more visible par-
tial overlap and BMC/MXene-0.71 showed more locally dense C
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or restacked layered regions. These observations support a 
concentration-dependent change in local MXene-related mor-
phology [18, 43, 47].

The SEM–EDS results further supported the presence of Ti-
containing MXene-related regions in both the powder mixtures 
and the compression-molded bulk composites. The unmodified 
BMC showed no Ti signal, whereas Ti signals were detected in 
all MXene-added groups. The Ti signal became more detectable 
with increasing MXene content, which is consistent with the in-
creasing addition amount. The Ti signal covered a wider part 
of the mapped area in BMC/MXene-0.48, whereas stronger sig-
nals were confined to smaller regions in BMC/MXene-0.71. This 
distinction is important for interpreting the mechanical results: 
BMC/MXene-0.71 led all groups in mean tensile strength, ten-
sile modulus, impact energy, and Shore D hardness, while BMC/
MXene-0.48 showed more repeatable mechanical behavior in 
several measurements [16, 18, 21].

The different mechanical tests also reflect different aspects of 
the structure–property relationship. Tensile strength is related 
to the maximum stress-bearing response under quasi-static 
loading, tensile modulus represents the initial stiffness re-
sponse, Izod impact energy reflects the energy absorbed during 
rapid fracture, and Shore D hardness represents localized sur-
face indentation resistance. Therefore, these properties should 
not be explained by the same mechanism [61, 63, 64]. The stron-
ger increase in tensile strength compared with tensile modulus 
and Shore D hardness indicates that MXene addition affected ul-
timate load-bearing behavior more strongly than the initial stiff-
ness or local surface indentation response. Similarly, the limited 
additional increase in impact energy from BMC/MXene-0.48 to 
BMC/MXene-0.71 suggests that the fracture-related energy ab-
sorption response may begin to level off as the MXene content 
approaches 0.714 wt.% [18, 43–45].

This relationship suggests that the mechanical response of the 
BMC/MXene composites was governed not only by the amount 
of MXene added, but also by the local distribution tendency of 
Ti-containing MXene-related regions. Increasing MXene con-
tent enhanced the average mechanical response, particularly 
in tensile strength and hardness. However, the higher standard 
deviation observed in some results for BMC/MXene-0.71 indi-
cates that local heterogeneity may become more relevant at the 
highest investigated content. At 0.71 wt.%, the mean mechanical 
values were higher; at 0.48 wt.%, the tensile strength and impact 
energy data were less scattered, and the Ti signal appeared over 
a broader area.

Taken together, the results show that low-content Ti3C2Tx 
MXene addition improved the mechanical response of the in-
dustrial BMC composites. The improvement was supported 
by the detection of Ti-containing MXene-related regions, 
local layered/fringe-like TEM features, and functional group-
related spectroscopic contributions. Nevertheless, the present 
results do not allow the mechanical behavior to be attributed 
solely to homogeneous MXene dispersion, direct chemical 
bonding, or a single reinforcement mechanism. For this rea-
son, the structure–property relationship was interpreted as 
a combined effect of low-content MXene addition, local Ti-
containing regions, MXene-related local layered morphology, 

the highly filled BMC background, and compression-molded 
bulk microstructure.

4   |   Conclusions

In this study, Ti3C2Tx MXene was added to an industrial BMC 
formulation at 0.238, 0.476, and 0.714 wt.%; all groups were 
prepared using the same mixing and compression-molding 
parameters.

Average tensile strength rose from 14.24 ± 1.06 MPa in the un-
modified BMC to 17.98 ± 0.93, 20.83 ± 0.62, and 24.00 ± 1.88 MPa 
as the MXene content increased. These values represent gains 
of 26.3%, 46.3%, and 68.6%. Tensile modulus changed from 
7.85 ± 0.35 GPa to 8.47 ± 0.67, 9.58 ± 0.75, and 10.14 ± 1.05 GPa, 
equivalent to increases of 7.9%, 22.0%, and 29.1%. The smaller 
modulus gains show that the initial stiffness response changed 
less than the tensile strength.

Absorbed impact energy increased by 27.4%, 46.0%, and 52.6%, 
reaching 0.066 ± 0.004 J in BMC/MXene-0.71. Shore D hardness 
rose by 2.5%, 5.1%, and 7.4%, reaching 75.8 ± 0.84 in the same 
group. The hardness change was therefore more limited than 
the tensile and impact improvements.

The main BMC bands were largely retained in the FTIR spec-
tra. Slight changes occurred in the O  H, C  O, C  O  C, and 
C  O regions, while the low-wavenumber Ti  O and Ti  C con-
tributions became more distinguishable as the MXene content 
increased.

The XRD patterns were dominated by the graphitic/carbona-
ceous background of the BMC formulation. A broad MXene-
related (002) feature at approximately 6.0°–6.3° became clearer 
with increasing MXene content and was assigned to layered 
MXene-related domains. Its weak and broad profile was not 
taken as evidence of homogeneous dispersion or complete 
exfoliation.

TEM images contained lamellar, fringe-like, overlapping, and 
locally restacked features within the selected areas. Thicker and 
denser regions were more evident at 0.714 wt.% MXene.

SEM–EDS detected Ti in all MXene-added powder mixtures and 
bulk composites, whereas no Ti signal was found in unmodified 
BMC. Within the mapped areas, BMC/MXene-0.48 displayed 
a broader Ti distribution, while BMC/MXene-0.71 contained 
stronger but more localized signals.

The results demonstrate that low-content Ti3C2Tx MXene ad-
dition can improve the mechanical response of industrial BMC 
composites under unchanged compression-molding conditions. 
The observed improvements were interpreted in terms of the 
combined effects of MXene addition, Ti-containing MXene-
related regions, local matrix–filler contact, local layered mor-
phology, and the highly filled BMC microstructure. None of 
the characterization results presented here establishes homoge-
neous MXene dispersion, direct chemical bonding, or a single 
confirmed reinforcement mechanism, and the interpretation is 
therefore kept at the level supported by the data. Future work 
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involving broader processing windows, higher-resolution local 
chemical analysis, and larger-area statistical imaging may pro-
vide deeper insight into the relationship between MXene distri-
bution, local accumulation, and mechanical response.
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