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Abstract: Additively manufactured (AM) composites based on short carbon fibers possess strength
and stiffness far less than their continuous fiber counterparts due to the fiber’s small aspect ratio and
inadequate interfaces with the epoxy matrix. This investigation presents a route for preparing hybrid
reinforcements for AM that comprise short carbon fibers and nickel-based metal-organic frameworks
(Ni-MOFs). The porous MOFs furnish the fibers with tremendous surface area. Additionally, the
MOFs growth process is non-destructive to the fibers and easily scalable. This investigation also
demonstrates the viability of using Ni-based MOFs as a catalyst for growing multi-walled carbon nan-
otubes (MWCNTSs) on carbon fibers. The changes to the fiber were examined via electron microscopy,
X-ray scattering techniques, and Fourier-transform infrared spectroscopy (FTIR). The thermal stabili-
ties were probed by thermogravimetric analysis (TGA). Tensile and dynamic mechanical analysis
(DMA) tests were utilized to explore the effect of MOFs on the mechanical properties of 3D-printed
composites. Composites with MOFs exhibited improvements in stiffness and strength by 30.2% and
19.0%, respectively. The MOFs enhanced the damping parameter by 700%.

Keywords: carbon fibers; metal-organic frameworks; carbon nanotubes; additive manufacturing;

mechanical characterization

1. Introduction

Short fiber reinforced polymer composites (SFRPs) comprise fibers with lengths rang-
ing from microns to a few millimeters. Composites based on short fibers have numerous
applications, including automotive interior structures, sports goods, and electrical circuit
boards [1]. While SFRPs possess lower strength and stiffness than their continuous fiber
counterparts, their mechanical performance is more tailorable through several parameters,
including the fibers’ type, orientation, volume fraction, surface morphology, and interfacial
adhesion to the matrix [2].

For most commercial applications, SFRPs are processed with thermoplastic matri-
ces via extrusion or injection molding [1] and with thermoset matrices using injection-
compression molding [3]. Typically, these methods are employed for geometrically simple
structures such as sheets and tubes but are constrained by complex geometries and the
need for molds. Additive manufacturing (AM) eliminates these constraints and facili-
tates a near-final-shaped production without a mold. Various methods of AM for SFRPs
have been demonstrated, including fused deposition modeling (FDM) [4-6]. FDM car-
ries several drawbacks; it uses a lamination-like technique to combine the laminae of a
fused thermoplastic material. This induces delamination between the layers leading to
shape distortion. The FDM minimum layer thickness is reported to be about 0.1 mm [4,5],
allowing for the entrapment of significant air pockets between the deposited filaments.
Alternatively, chopped fiber composites can be combined with epoxy matrices through a
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direct write method (DWM) [7,8]. This technique is essentially a concentrated viscoelas-
tic fluid- (i.e., ink) deposition technique that relies on the ink strength for self-support
of the printed structure. Compton and Lewis [7] utilized DWM for co-printing carbon
fibers and SiC whiskers with an epoxy matrix. The printed composites significantly in-
creased the modulus and strength over the neat resin. Identical results were reported by
Pierson et al. [9], where the SFRP attained 66% of the theoretical tensile strength of aligned
short fiber composite. The initial fibers” average length was 6.00 mm, and after undergoing
the ink processing technique, the length was reduced to 0.20 mm. The shortened fibers’
length is responsible for not achieving the expected theoretical strength value. Kanarska
et al. [10] simulated the inkjet deposition process as a non-Newtonian fluid flow with a
high fiber volume fraction. They found that when the fiber’s length exceeds two-thirds of
the nozzle diameter, most fibers align around the nozzle walls, leaving a few randomly
oriented fibers at the core of the deposited filament. They also concluded that the best
alignment could be realized when the fiber’s average length is within 40-50% of the nozzle
diameter. Classical micromechanical analysis of short fiber composites [11] suggests that
the fibers must exceed a critical length proportional to the fiber’s strength and diameter
and inversely proportional to the fiber/matrix bond shear strength. For carbon and glass
fibers, this length is 20-150 times the diameter [1]. The critical fiber length restricts the
AM of composites since most printers’ nozzles do not accommodate long fibers to avoid
nozzle blockage. This compromise to ensure ease of manufacturing will reduce the strength
of the composite. While the fiber strength and diameter are fixed, their bonding shear
strength to the matrix can be modified by improving the fiber /matrix adhesion. Therefore,
enhancing the adhesion allows for printing short fibers while yielding adequate strength
of the composite. Fibers can be acid-treated or decorated with nanomaterials to improve
adhesion to the matrix. Fu et al. [11] reported a noticeable improvement in the interlaminar
shear strength after treating carbon fibers with acid. Using chemical vapor deposition
(CVD), Yao et al. [12] grew CNTs on carbon fiber and observed good improvement in the
interfacial shear strength. Metal-organic frameworks (MOFs) provide a feasible route to
increase the surface area of carbon fibers. An MOF is a 3D structure encompassing metal
ions coordinated with organic ligands [13]. These structures are naturally very porous
with extreme surface areas [13]. The MOFs’ growth does not require a vacuum and is
often carried out via wet chemistry at ambient conditions [14]. Currently, MOFs are used
together with carbon materials for non-structural applications. Tran et al. [15] developed a
porous catalyst combining CNTs and MOFs to detect urea. Yan et al. [16] coated graphene
with MOFs forming a water-splitting electro-catalyst.

Incorporating MOFs into additive manufacturing was carried out by several research
groups. For example, Kim et al. [17] developed an MOF photocurable fluoropolymer ink
that can be sprayed, molded, or deposited via a pen to construct a water-tolerant sensor
that can test for water pollutants. Lim et al. [18] utilized a direct ink writing technique to
deposit a gel containing Cus(BTC), nanoparticles to create a densely packed, self-standing
MOF monolith. Another research group utilized a 3D printer to prepare several MOF-
based solids with controlled morphologies from shear-thinning inks. All solids were
structurally stable under 0.6 MPa of uniaxial compression [19]. Kearns et al. [20] offered a
comprehensive review of shaping MOFs via different 3D printing techniques, including
fused filament fabrication (FFF), digital light processing (DLP), selective laser sintering
(SLS), and direct ink writing (DIW).

In this current investigation, we employed MOFs to alter the surface of short PAN-
carbon fibers to enhance the interface shear strength. Additionally, we utilized the nickel-
based MOF film as a catalyst to grow CNTs on the surface of short carbon fibers. Different
mechanical and microstructural characterization techniques are implemented to reveal the
performance and microstructure of these surface treatments.
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2. Materials and Methods

The materials utilized in this investigation include EPON 826 (Miller Stephenson),
CAB-O-SIL TS-720 fumed silica (Cabot Corp.), AS/BR102 chopped fiber (Hexcel, Inc.,
Decatur, AL, USA), and ethyl-methylimidazolium dicyanamide (ionic liquid, Sigma Aldrich,
St. Louis, MO, USA). The fibers were de-sized inside a quartz tube furnace at 550 °C for
30 min under a nitrogen environment. The fibers were washed with acetone and DI
water repeatedly and then dried at 100 °C in a convection oven for 24 hrs. To allow the
formation of active sites (-COOH and NH),), the fibers were treated in a diluted mix (2:1)
of de-ionized (DI) water: HNOj acid for 24 h, rinsed thoroughly with DI water until a
neutral pH of 7.0 was achieved, and finally dried at 100 °C for 24 h. To prepare the MOF
growth solution, nickel nitrate hexahydrates (Ni (NOs),-6H,0O, Sigma Aldrich Co.) was
dissolved in 100 mL of methanol to yield a 0.33 M concentration. The ligands solution
dissolved 2-methylimidazole (C4HgNy, Sigma Aldrich Co., St. Louis, MO, USA) in 100 mL
of methanol at 0.14 M concentration. Each solution was magnetically stirred separately
at 400 rpm for 6 h. After this, the two solutions were mixed and magnetically stirred for
10 min. The chopped carbon fibers (5.0 mm long) were placed inside a mesh-open bag to
keep them suspended with minimum flotation and immersed in the solution for 24 h. The
carbon fiber bag was removed from the growth solution bath and washed repeatedly with
ethanol. Then the fibers were removed from the bag and left to dry in an oven at 100 °C
for 24 h. The CNTs growth was performed inside a quartz tube reactor outfitted with a
thermal controller and three-input gas (N, CoHj, and Hp) mass flow controllers (MKS
Co., Andover, MA, USA). The process begins with a reduction step to remove excessive
oxides from the MOFs by flowing H, /N, gas mixture atmosphere at 550 °C for two hours.
Then, the tube reactor is flushed with N, gas to eliminate residuals from the previous step.
Subsequently, the CNTs growth step begins, maintaining the temperature of 550 °C for
30 min under a balanced C,H4/H, /N, environment. The different carbon fibers were
characterized using scanning electron microscopy (SEM, FEI Quanta 650, Thermo Fisher
Scientific Inc Suwanee, GA, USA) equipped with energy-dispersive X-ray spectroscopy
(EDS) detector (Bruker, Inc., Minneapolis, MN, USA), Transmission electron microscopy
(TEM, FEI Talos, Thermo Fisher Scientific Co.) at an acceleration voltage of 200 kV was
utilized to examine the CNTs morphology and size and their growth topology. Wide-angle
X-ray scattering (WAXS) was performed using Xeuss 3.0 (Xenocs Inc, Holyoke, MA, USA).
The X-ray wavelength was 1.54 A, the sample-to-detector distance was 55 mm, and the
exposure time was two h. A Pilatus3 300 k detector was used to collect scattered X-rays.
Two-dimensional scattering patterns were analyzed using the Datasqueeze software [21].
All 2D scattering patterns were integrated over a 90° wedge parallel to the fiber axis to
create the 1D scattering charts. Scattering normal to the fiber axis was excluded from
the integration. To reveal the functional groups resulting from the different fiber surface
treatments, Fourier transform infrared spectroscopy (FTIR, Nicolet 380) was carried out at
wavelengths of 600-4000 cm ™! by employing the attenuated total reflection (ATR) mode.
The thermal integrity of the reference and different treated fibers was investigated using
thermogravimetric analysis (TGA, TA Q500). from RT to 900 °C at 10 °C/min under an
air environment.

Printable inks were prepared for each of the different fiber treatments. For each
configuration, approximately 20 g of EPON 826 was poured into a 150 mL cup. After each
addition, 10 parts per hundred (pph) of fumed silica were added in 2 equal increments and
mixed with the epoxy in a Thinky ARV-310 planetary mixer under vacuum for 3 min at
2000 rpm after each addition. Five pph of a fiber configuration was added gradually to the
slurry and mixed for three sets of 3 min at 2000 rpm. Then, 5 pph of the ionic liquid was
added, followed by another round of mixing at 2000 rpm for 1 min. Identical procedures
were repeated for the four fibers configuration: reference, acid treated, coated with MOFs,
and sheathed with CNTs.

The composite samples were printed using a nScrypt 3Dn-500 printer (nScrypt, Inc.,
Orlando, FL, USA). The prepared inks were loaded into 10 cm® Nordson syringes and
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centrifuged at 3000 rpm for 10 min to reduce entrapped air, then transferred to a fresh
syringe using a high-pressure adapter to push the ink from the filled syringe into the empty
one. A 0.58 mm diameter nozzle was attached to the syringe. Print speed was calibrated
by measuring the ink mass flow rate at pressures of 44-52 psi. The pressure setting on the
Nordson Ultimus V pressure pump was 11-13 psi, and the high-pressure adapter supplied
a pressure amplification factor of 4. The mass flow rate was divided by the nozzle diameter
and ink density to calculate a linear extrusion rate which was used as the gantry translation
speed or print speed. The road-to-road spacing between the deposited ink filaments was
equal to the nozzle diameter. An optical profilometer was used to measure the height of
one layer, which was set as the next layer’s height onward. After printing, samples were
cured at 100 °C for 15 h using a convection oven. Two sets of samples were printed for
each fiber configuration, a tensile sample with a dog-bone shape following the ASTM638,
sample type-V.

The tensile tests were carried out using MTS Criterion™ Model 43 system (MTS, Inc.,
Eden Prairie, MN, USA) equipped with a 5.0 kN load cell and a digital image correlation
system (DIC, Correlated Solutions, Inc., Irmo, SC, USA) to measure the strain. The sample
tests were extended at a 1.0 mm/min speed until failure was achieved. A total of 6 samples
were tested for each configuration. The dynamic mechanical analyzer (DMA8000, Perkin
Elmer, Inc., Waltham, MA, USA.) was utilized following the ASTM D7028 and ASTM D5023
standards. Composite coupons of 50.0 mm x 4.0 mm x 1.0 mm were used. A 40 mm span
3-point bending fixture was utilized to mount the samples. During the temperature sweep,
a constant frequency of 1.0 Hz and a constant force of 1.0 N were utilized while ramping
the temperature from 25-200 °C. Isothermal frequency sweep tests were held at 25 °C while
increasing the frequency from 1-100 Hz under a constant force of 1.0 N.

3. Results and Discussion

The micrographs in Figure 1 show the evolution of the carbon fiber surface through the
different treatments. The de-sizing of the fibers under a nitrogen environment peeled off
the sizing films, as shown in Figure 1a. The etching of the fiber in the nitric acid, Figure 1b,
removed the sizing residue. After MOF growth, Figure 1c, the fiber surface was fully
sheathed with porous cells separated by nano walls morphologies. These morphologies
tremendously increased the fibers” surface area compared to the reference or acid treated.
This rough morphology of the nickel-based MOF is unique and different from the smooth
films obtained via magnetron-sputtering pure nickel metal on carbon fiber [22]. Conse-
quently, the CNT growth, as shown in Figure 1d, was very dense as there are far more
surfaces for the catalytic reaction of Ni with the hydrocarbon gas to grow CNTs. The TEM
micrographs, inset Figure 1d, revealed that the CNTs are multi-walled with an average
diameter of 15-20 nm, and have non-uniform multi-walls, suggesting these MWCNTs
incorporate several defects. The growth at a relatively lower temperature is a possible
cause for such wall defects, as high temperatures could anneal them [23].

Energy dispersive X-Ray spectroscopy (EDS) was utilized to inspect the Ni and C
elements in MOFs and the CNTs in the composites. Figure 2a shows the elemental mi-
crographs of a representative spectrum of the areas for a sample representing composites
with MOFs, while Figure 2b depicts the EDS analysis upon reducing the fiber coated with
MOFs under an inert environment at 550 °C. Figure 2c reveals the EDS elemental analysis
of a fiber after growing CNTs on its surface. Table 1 summarizes the statistics of the EDS
analysis of different spots on the different fibers samples. All three samples exhibit peaks
for crystalline Ni; however, the sample after the reduction steps shows the strongest Ni
peak indicating that most of the organic components of the MOFS have decomposed upon
the reduction of the fiber.
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Figure 2. EDS of C and Ni elemental analysis for (a,b) carbon fiber with MOFs, (c,d) fibers with MOFs
after reduction in a furnace under an inert environment, and (e,f) carbon fiber/CNTs reinforcement.
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forcepaptebe ssHsdiptilser RifdYhe acid-treated fiber exhibited a fan-like scattering observed for
AS4 fibers by other researchers [24]. This pattern is imputed to the random distribution
of defects on the fiber’s surface The similarity of the scattering patterns for the function-

alized and reference fibers implies that the acid treatment did not significantly alter the
fiber’s crystallinity.
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The TGA analysis results in Figure 5 show that the different samples started degrading

at different temperatures. The reference fibers showed the slowest degradation rate starting
at 600 °C. This behavior is consistent with other research groups for the T650 fibers [31].
The acid-treated fibers showed the next slowest degradation rate denoting that the surface
groups yielding from acid oxidation did not add much weight to the fibers. The fibers with
surface grown CNTs start degrading as early as 450 °C and exhibit 2 inflection points at
475 °C and 575 °C. The early degradation is mainly attributed to the oxidation of CNTs
and disintegration of the amorphous carbon and defective CNTs. Indeed, it is a standard
procedure to utilize moderate temperature to purify CNTs by oxidation [32]. One can
also observe that the disintegration of the CNTs took place within the temperature range
for their growth, identical to the findings by other research groups [33]. Two inflection
points imply that different carbon species degrade at different temperatures; the earlier
inflection point is associated with the disintegration of CNTs, while the second inflection
point signifies the disintegration of the fibers. The carbon fibers for this sample degrade
faster as they have been exposed to elevated temperatures during the reduction step and
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during the growth of the CNTs, which explains their fast degradation. The fibers sheathed
with MOFs attained the second fastest degradation rate starting at 550 °C. The inadequate
drying can explain the early weight loss of this sample since the sample was immersed in
an acidic solution for 24 h, followed by soaking in a methanol bath for 24 h during the MOF
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and stiffness by 7.7% and 16.3%, respectively. The acid treatment induces nanoscale
roughness on the surface of the fiber. Previous investigations [34,35] illuminated the effect
of HNOj treatment of PAN carbon fibers attributing similar improvements to increasing
the surface free energy by more than 40% due to establishing C-N polar groups, improving
the chemisorption of the resin and curing hardener on the carboxylic groups at fibers
surface, complemented by an increase in the surface area. Oxidizing carbon fibers by
diluted acid treatment can remove surface irregularities or misaligned sheaths on the
fiber’s outer surface and lead to better bonding to the epoxy matrix due to the presence of
functional groups [36]. The individual contribution to each of these effects is an ongoing
research topic.

Growing the MOFs on the fibers led to the most significant improvement in strength
and modulus by 19.0% and 30.2%, respectively, above the reference desized composite
values. The Ni-MOF topology amplifies the surface area bestowing a novel mechanical
anchoring mechanism between the fibers and the matrix. One rationale is that the pits and
pores on the surface of the fibers, caused by the acid, were occupied with MOEF. Unlike pure
metal, the dual effect of the -COOH group induced by the acid etching and the organic
ligand in the MOFs facilitates good anchoring of the Ni-MOF structure to the activated sites
on the fiber surface. The anchored MOF promote enhanced load transfer from the matrix to
the fiber, increasing the enduring load capacity and the interfacial shear strength yielding a
better tensile strength. The noticeable increase in the modulus arises from sheathing the
fiber with an outer layer of stiff Ni-MOF structures, acting like a different material than that

on the bare fibers. Growing MOFs on carbon fiber is still relatively new; the 1%1%3ef§
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strength yielding a better tensile strength. The noticeable increase in the modulus arises
from sheathing the fiber with an outer layer of stiff Ni-MOF structures, acting like a dif-
ferent material than that based on the bare fibers. Growing MOFs on carbon fiber is still
relatively new; the closest effort involves electrolytic Ni-plating of carbon fibers [37]. The
Ni-plating was observed to successfully enhance the surface polarity by establishing oxy-
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undergo the intense mixing processes for preparing the printer ink. We believe that the

existence of a residue of MOF layer beneath the CNTs film still contributes to increasing

the strength. This layer of MOF residue could explain the modulus increase by 14.0%.
Nanomaterials 2023, 13, x FOR PEER REVIEW The morphologies of the fracture surfaces of the various composites were gfx?gmned

using SEM, as displayed in Figure 7. The composite made with de-sized fiber revealed
significant gaps between the epoxy and the fibers, as can be seen in the inset of Figure 6a
which signifies a weak adhesion between the two constituents. This debonding was
as shogadrelii gureitbaliperegravingiMiofiven Biedikerss the tlsretid giotedispiA¥dasroups,
ticeablg dehanings Fisegd BbFigIpeR e Hvais VORI bndgrtebhesstrragibensd R tienisplay
the MQtlegsisid dubpritent andddie apPiywrdddbeThis is primarily due to the strong bonds
between the MOF legend component and the epoxy and fibers.

50 pm

Figure 7. SEM fractography at different magnifications for composites based on (a) reference desized
Figurefibe SE ) fraictopsidihed fibdiffei@rfibaragnitivatitfasefgrossmidies absked) Ghega)widheteNds. Inset
desizednfipesssddlpbatd®yidized fibers, (c) fibers with surface-grown MOFs, and (d) fibers with
CNTs. Inset images scalebar 10 um.

The mechanical interlocking due to the encapsulation of the epoxy matrix in the pores

ToleMiethealisal snteottiriinged tie thelstrengibening of tielaclbpsionrat thix inatixtortse fiber.
of M(WFrewlingl6a\chnbeththee santiecetfechgtheliminafitigethdldehon dihgheandh erirodioneof the
fiber. Growing CNTs had the same effect on eliminating the debonding, and a portion of
the matrix is seen attached to the surfaces of the pulled-out fiber (Figure 6d) indicating a
strong adhesion between the fiber, CNTs, and the matrix.

Figure 8 depicts the results of the DMA analysis of the various composites. The fig-

111roc dienlay the 1ance fanooent narameter Fan S which norfrave the ratino of the comnhocite’a
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matrix is seen attached to the surfaces of the pulled-out fiber (Figure 6d) indicating a strong
adhesion between the fiber, CNTs, and the matrix.
Figure 8 depicts the results of the DMA analysis of the various composites. The figures

N terials 2023, 13, x FOR PEER REV EV% . . ,
AHoMATETIars X cﬁspiay the loss tangent parameter, tan (5), which portrays the ratio of the compos1t% s

ability to dissipate energy over its ability to store energy. The glass-transition temperature
(Tg) was deduced from the peak of the tan (8) curves. It is evident that the Tg values
divheltet teruelubly byetHif fhifatentractareatoaenientsthbe thedibeebarigen geete evithiitHiiC
4 &CGhet thesmbée. e¥freetedetited the tahbovatibinaficarbéudibers fibdrs AN CNIE yaelttia
yiuddi cenblecsatbtérs Higthin HigBerhig deeipglhn grolyaie nubhihtyn abilveyhas we theedl fioticeth-
fqosoiespostte©Vothv60plaivt. wilwam wenvttnuwreticanbas ¢arbisn| 3tedd §39¢vetoit s anferied
irffemrethéronyriédret cturcbn tisat N4QRs a MOED dn dl @ Nofsadlie cidheffrobilieynodbpityyoflegiox yn
chhenglassheaglkisiomaegivon Tedgsauultibeasddbechsortibe dote tarbow Gibdromdipht pesiggrit-
pepeeritgetitdepticalophenomena veprs tegp dryedthyrotbsmarebegrdugsaBpSII),#Hjckhidre
wagerilsedbod porp pol pokneticationdatic dhiednshiskiog thitherfetivtisingd grpupshehdhe
thertepepetatergppppachebeh & BeljgM414.1].

0.4

0.14

0.35
0.12

0.3
0.1

0.25
© o 0.08

S 02 =

" F 0.06

0.15
0.04

0.1
0.02

0.05
0

0

0 50 100 150 200
Frequency (H
Temperature (°C) quency (Hz)
(a) (b)

F}%sm.%()ab%%m&ﬂ@m%pm&a B RRADRIE AR U RIS PRSI S WES RIPT

the various com os%'tesbbasecfl on gigeren fi ers rea’Emen S. I\Masurement% were Condldctetd 3t a 1.0

the VarlOLtIS ctofm Srtes %seT orb ifferent ribers ret:a rFten . Médsuremen stwefre conducted at a

1.51?I%°?§n%?afn¥%9é‘§lﬁéﬁg§;h bi‘fh?me&se%rs%?e&grﬂs e ampingparameter for fhe arious som
posites via frequency r 1hg at room temperature.

composites via frequency ramping at room temperature.

 ThEDRYRC Arequisnyy swesp redtis e ditplaysddnd e dhsnanifsatss by tyewar-
vigtigrin; e damRipR R Fio AT 0 s BepstRk R (I RAGG R SPTRRRIRT AN
b psidataddRy By dlestien it Machaninms s iding ek s ghionciRis:-
irfasipldsPapdingisRd nrretiermidd (The mierrnes diherninemraiiipssibitasshe sall-
st ILerRInG R3S HREdH pEtienalizinemib e HprsreviHiitHs- A< improved danéTbhy
269720 HonPRg pometherivip r ki ihis-irarerenantitHbatitheatifoctthinesd-
ahensed the surfacs grasrou i te feciliteleaderges conierhatee aplikyha sRexin feriliat-
sigifRar: sl spstndissipation.
rhrmbermpeseitbe arididamasad; giphivii qilees srtdfess s samichhora pls e sHamaigd
b siRkspipreshanism ¢t the interface. CrrvingMbopihe bweultesdosreasaddhe
tieeEhaR asen reramdaudiis Eurthermeerso the el alr e ialéeRoep BRP bosd e pés adei-
adanabRarEE¥Sis i Ratiioa Shvshte) () iByiersedded 10 Yoot atds erebihe hierencefiber
fiberyeRtijesitbe TH TNTsiprsedhe therfaeetearsigtidiadrtiiting de thelexbemenspesben-
rdtissQfttie CNTs. This tremendous interfacial axen fradilitatessiigniféaan ffideidorbbaiwean
tHBECNY T fgroogyitntefhecepgenestiing oo iideabileapergyddisippetian 2R [ Thhe seppsiite
wit HICRNT erendracece dhide atamipig g seeféidiereriiyippotd090 wt B8P k] z.

4. Conclusions

This work outlines a feasible yet scalable path for modifying the interfacial morphol-
ogies between short carbon fibers and polymeric matrices. Several mechanical properties
of composites based on short carbon fibers (including strength, stiffness, and damping

nararmoetor) wore cionificantlyr onhanced by orownritno MOTE An the fibhore vriat o cormihacttoa
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4. Conclusions

This work outlines a feasible yet scalable path for modifying the interfacial morpholo-
gies between short carbon fibers and polymeric matrices. Several mechanical properties
of composites based on short carbon fibers (including strength, stiffness, and damping
parameter) were significantly enhanced by growing MOF on the fibers prior to composites
fabrication via the DWM additive manufacturing technique. The MOF amplify the inter-
facial area between the epoxy and the fibers and facilitate better adhesion. FTIR analysis
verified that the chemical groups induced by the MOF synthesis contribute to the fiber’s
surface functionalizing. The synthesis of MOF also substantiates catalytic Ni seeds suitable
for CNT growth. The growth of MOF and CNT is anticipated to add multiple functionalities
to the composite, including enhanced thermal and electrical transport properties. Tensile
test results indicate that MOF’s strength enhancement surpasses any other treatment, in-
cluding CNTs. This improvement results from the significant surface area furnished by
the porous MOF coupled with mechanical anchoring of the epoxy within the MOF pores.
The contact angle analysis confirmed that fibers with nanoscale features, such as MOs and
CNTs, exhibit better wettability. Furthermore, the FTIR analysis has shown that the MOF
treatment of the fibers generated several chemical groups that have not been discerned in
other surface treatments. The hybrid fiber/MOF composite also achieved better viscoelastic
damping performance than all other composites, including those based on CNT surface
treatment, yielding a tan delta improvement of 700%.

Author Contributions: Conceptualization, M.A.-H.; methodology, M.A.-H., S.A., HK; validation,
M.A.-H,, S.A,, Y.R,, A A,; formal analysis, M.A.-H., Y.R., HK.; investigation, M.A.-H., S.A., Y.R,,
A.A., B.Q.Z,; resources. M.A.-H., HK.; data curation, M.A.-H., S.A., Y.R.; writing—original draft
preparation, M. A -H.; writing—review and editing, M.A.-H.; visualization, S.A., Y.R.; supervision,
M.A.-H., HK; project administration, M.A.-H.; funding acquisition, M.A.-H., H.K. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by the Air Force Research Laboratory (AFRL) Summer Faculty
Fellowship Program (SFFP-2021) and the National Science Foundation Grants CMMI 2001038 and
CMMI 2018375.

Data Availability Statement: Data is contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Fu, S, Lauke, B.; Mai, Y.W. Science and Engineering of Short Fiber Reinforced Polymer Composites; Woodhead Publishing Ltd.:
Cambridge, UK, 2009.

2. Goh, K.L. Discontinuous-Fibre Reinforced Composites; Springer-Verlag: London, UK, 2017.

3.  Eduljee, R.E; Gillespie Jr, ].W.; Pipes, R.B. Design methodology for the molding of short-fiber thermoset composites. Compos. Sci.
Technol. 1988, 33, 241-256. [CrossRef]

4. Sugiyama, K.; Matsuzaki, R.; Ueda, M.; Todoroki, A.; Hirano, Y. 3D printing of composite sandwich structures using continuous
carbon fiber and fiber tension. Compos. Part A Appl. Sci. Manuf. 2018, 113, 114-121. [CrossRef]

5. Ning, F.; Cong, W.; Qiu, J.; Wei, J.; Wang, S. Additive manufacturing of carbon fiber reinforced thermoplastic composites using
fused deposition modeling. Compos. Part B Eng. 2015, 80, 369-378. [CrossRef]

6. Vanaei, H.R.; Magri, A.E.; Rastak, M.A.; Vanaei, S.; Vaudreuil, S.; Tcharkhtchi, A.A. Numerical-Experimental Analysis toward the
Strain Rate Sensitivity of 3D-Printed Nylon Reinforced by Short Carbon Fiber. Materials 2022, 15, 8722. [CrossRef]

7. Compton, B.G.; Lewis, J.A. 3D-Printing of Lightweight Cellular Composites. Adv. Mater. 2014, 26, 5930-5935. [CrossRef]

8.  Nawafleh, N; Celik, E. Additive manufacturing of short fiber reinforced thermoset composites with unprecedented mechanical
performance. Addit. Manuf. 2020, 33, 101109. [CrossRef]

9. Pierson, H.A.; Celik, E.; Abbott, A.; Jarnette, H.D.; Gutierrez, L.S.; Johnson, K.; Koerner, H.; Baur, ].W. Mechanical Properties of
Printed Epoxy-Carbon Fiber Composites. Exp. Mech. 2019, 59, 843-857. [CrossRef]

10. Kanarska, Y.; Duoss, E.B.; Lewicki, J.P.; Rodriguez, ].N.; Wu, A. Fiber motion in highly confined flows of carbon fiber and
non-Newtonian polymer. . Non-Newton. Fluid Mech. 2019, 265, 41-52. [CrossRef]

11. Petersen, R.C.; Lemons, J.E.; McCracken, M.S. Stress-Transfer Micromechanics For Fiber Length with a Photocure Vinyl Ester

Composite. Polym. Compos. 2006, 27, 153-169. [CrossRef] [PubMed]


http://doi.org/10.1016/0266-3538(88)90042-5
http://doi.org/10.1016/j.compositesa.2018.07.029
http://doi.org/10.1016/j.compositesb.2015.06.013
http://doi.org/10.3390/ma15248722
http://doi.org/10.1002/adma.201401804
http://doi.org/10.1016/j.addma.2020.101109
http://doi.org/10.1007/s11340-019-00498-z
http://doi.org/10.1016/j.jnnfm.2019.01.003
http://doi.org/10.1002/pc.20198
http://www.ncbi.nlm.nih.gov/pubmed/25382894

Nanomaterials 2023, 13, 944 13 of 14

12.

13.
14.
15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Yao, Z.Q.; Wang, C.G.; Qin, ].].; Su, S.S.; Wang, Y.X.; Wang, Q.F; Yu, M.].; Wei, H.Z. Interfacial improvement of carbon fiber/epoxy
composites using a one-step method for grafting carbon nanotubes on the fibers at ultra-low temperatures. Carbon 2020, 164,
133-142. [CrossRef]

MacGillivray, L.R.; Lukehart, C.M. Metal-Organic Framework Materials; John Wiley & Sons Ltd: West Sussex, UK, 2014.
MacGillivray, L.R. (Ed.) Metal Organic Frame Works Design and Application; John Wiley & Sons: Hoboken, NJ, USA, 2010.

Tran, T.Q.N.; Das, G.; Yoon, H.H. Nickel-metal organic framework/MWCNT composite electrode for non-enzymatic urea
detection. Sens. Actuators B-Chem. 2017, 243, 78-83. [CrossRef]

Yan, L.T; Jiang, H.M.; Xing, Y.L.; Wang, Y.; Liu, D.D.; Gu, X,; Dai, P.C.; Li, L.J.; Zhao, X.B. Nickel metal-organic framework
implanted on graphene and incubated to be ultrasmall nickel phosphide nanocrystals acts as a highly efficient water splitting
electrocatalyst. . Mater. Chem. A 2018, 6, 1682-1691. [CrossRef]

Kim, J.O.; Kim, J.Y,; Lee, ].C.; Park, S.; Moon, H.R.; Kim, D.P. Versatile Processing of Metal-Organic Framework-Fluoropolymer
Composite Inks with Chemical Resistance and Sensor Applications. ACS Appl. Mater. Interfaces 2019, 11, 4385-4392. [CrossRef]
[PubMed]

Lim, G.J.; Wu, Y; Shah, B.B.; Koh, ].].; Liu, C.K,; Zhao, D.; Cheetham, A.K.; Wang, ].; Ding, J. 3D-Printing of Pure Metal-Organic
Framework Monoliths. ACS Mater. Lett. 2019, 1, 147-153. [CrossRef]

Dhainaut, J.; Bonneau, M.; Ueoka, R.; Kanamori, K.; Furukawa, S. Formulation of Metal-Organic Framework Inks for the 3D
Printing of Robust Microporous Solids toward High-Pressure Gas Storage and Separation. ACS Appl. Mater. Interfaces 2020, 12,
10983-10992. [CrossRef]

Kearns, E.R,; Gillespie, R.; D’Alessandro, D.M. 3D printing of metal-organic framework composite materials for clean energy and
environmental applications J. Mater. Chem. A 2021, 9, 27252-27270. [CrossRef]

Heiney, P. Datasqueeze: A Software Tool for Powder and Small-Angle X-Ray Diffraction Analysis. Comm. Powder Diffr. Newsl.
2005, 32, 9-11.

Boroujeni, A.Y.; Tehrani, M.; Nelson, A.J.; Al-Haik, M. Hybrid carbon nanotube-carbon fiber composites with improved in-plane
mechanical properties. Compos. Part B-Eng. 2014, 66, 475-483. [CrossRef]

Niven, ].E; Johnson, M.B.; Juckes, S.M.; White, M.A.; Alvarez, N.T.; Shanov, V. Influence of annealing on thermal and electrical
properties of carbon nanotube yarns. Carbon 2012, 99, 485-490. [CrossRef]

Tang, M.Y,; Rice, G.G; Fellers, ].F; Lin, ].S. X-ray scattering studies of graphite fibers. |. Appl. Phys. 1986, 60, 803-810. [CrossRef]
Rahmani, H.; Ashori, A.; Varnaseri, N. Surface modification of carbon fiber for improving the interfacial adhesion between carbon
fiber and polymer matrix. Polym. Adv. Technol. 2016, 27, 805-811. [CrossRef]

Boccara, A.C.; Fournier, D.; Kumar, A.; Pandey, G.C. Nondestructive Evaluation of Carbon Fiber by Mirage-FTIR Spectroscopy.
J. Appl. Polym. Sci. 1997, 63, 1785-1791. [CrossRef]

Wang, L.; Liu, N.; Guo, Z.; Wu, D.; Chen, W.; Zhang, Z.; Yuan, Q.; Hui, M.; Wang, J. Nitric Acid-Treated Carbon Fibers with
Enhanced Hydrophilicity for Candida tropicalis Immobilization in Xylitol Fermentation. Materials 2016, 9, 206. [CrossRef] [PubMed]
Pamula, E.; Rouxhet, P.G. Bulk and surface chemical functionalities of type IIl PAN-based carbon fibers. Carbon 2003, 41,
1905-1915. [CrossRef]

Ahsan, M.A; Jabbari, V,; Imam, M. A ; Castro, E.; Kim, H.; Curry, M.L.; Valles-Rosales, D.]J.; Noveron, J.C. Nanoscale nickel metal
organic framework decorated over graphene oxide and carbon nanotubes for water remediation. Sci. Total Environ. 2020, 698,
134214-134225. [CrossRef]

Mousavinejad, A.; Rahimpour, A.; Kebria, M.R.; Salestan, S.K.; Sadrzadeh, M.; Kiadeh, N.T. A Nickel-Based Metal Organic
Framework to Improve the CO2/CH4 Separation Capability of Thin Film Pebax Membranes. Ind. Eng. Chem. Res. 2020, 59,
12834-12844. [CrossRef]

Zhang, Q.; Liu, J.; Sager, R.; Dai, L.; Baur, J. Hierarchical composites of carbon nanotubes on carbon fiber: Influence of growth
condition on fiber tensile properties. Compos. Sci. Technol. 2009, 69, 594-601. [CrossRef]

Hou, P; Liu, C; Tong, Y.; Xu, S.; Liu, M.; Cheng, H. Purification of single-walled carbon nanotubes synthesized by the hydrogen
arc-discharge method. |. Mater. Res. 2001, 16, 2526-2529. [CrossRef]

Lavagna, L.; Massella, D.; Pavese, M. Preparation of hierarchical material by chemical grafting of carbon nanotubes onto carbon
fibers. Diam. Relat. Mater. 2017, 80, 118-124. [CrossRef]

Wu, G.M.; Hung, C.H.; You, J.H,; Liu, S.J. Surface Modification of Reinforcement Fibers for Composites by Acid Treatments.
J. Polym. Res. 2004, 11, 31-36. [CrossRef]

Langston, T.A.; Granata, R.D. Influence of nitric acid treatment time on the mechanical and surface properties of high-strength
carbon fibers. |. Compos. Mater. 2014, 48, 259-276. [CrossRef]

Bahl, O.P; Mathur, R.B.; Dhami, T.L. Effects of surface treatment on the mechanical properties of carbon fibers. Polym. Eng. Sci.
1984, 24, 455-459. [CrossRef]

Park, S.J.; Jang, Y.S. Interfacial Characteristics and Fracture Toughness of Electrolytically Ni-Plated Carbon Fiber-Reinforced
Phenolic Resin Matrix Composites. . Colloid Interface Sci. 2001, 237, 91-97. [CrossRef]

Boroujeni, A.Y.; Tehrani, M.; Nelson, A.].; Al-Haik, M. Effect of Carbon Nanotubes Growth Topology on the Mechanical Behavior
of Hybrid Carbon Nanotube/Carbon Fiber Polymer Composites. Polym. Compos. 2016, 37, 2639-2648. [CrossRef]

Ayyagari, S.; Al-Haik, M.; Ren, Y.X.; Nepal, D. Effect of Nano-Reinforcement Topologies on the Viscoelastic Performance of
Carbon Nanotube/Carbon Fiber Hybrid Composites. Nanomaterials 2020, 10, 1213. [CrossRef] [PubMed]


http://doi.org/10.1016/j.carbon.2020.03.060
http://doi.org/10.1016/j.snb.2016.11.126
http://doi.org/10.1039/C7TA10218F
http://doi.org/10.1021/acsami.8b19630
http://www.ncbi.nlm.nih.gov/pubmed/30615414
http://doi.org/10.1021/acsmaterialslett.9b00069
http://doi.org/10.1021/acsami.9b22257
http://doi.org/10.1039/D1TA08777K
http://doi.org/10.1016/j.compositesb.2014.06.010
http://doi.org/10.1016/j.carbon.2015.12.014
http://doi.org/10.1063/1.337378
http://doi.org/10.1002/pat.3720
http://doi.org/10.1002/(SICI)1097-4628(19970328)63:13&lt;1785::AID-APP11&gt;3.0.CO;2-Y
http://doi.org/10.3390/ma9030206
http://www.ncbi.nlm.nih.gov/pubmed/28773330
http://doi.org/10.1016/S0008-6223(03)00177-5
http://doi.org/10.1016/j.scitotenv.2019.134214
http://doi.org/10.1021/acs.iecr.0c01017
http://doi.org/10.1016/j.compscitech.2008.12.002
http://doi.org/10.1557/JMR.2001.0346
http://doi.org/10.1016/j.diamond.2017.10.013
http://doi.org/10.1023/B:JPOL.0000021734.69852.5b
http://doi.org/10.1177/0021998312470471
http://doi.org/10.1002/pen.760240702
http://doi.org/10.1006/jcis.2001.7441
http://doi.org/10.1002/pc.23458
http://doi.org/10.3390/nano10061213
http://www.ncbi.nlm.nih.gov/pubmed/32580299

Nanomaterials 2023, 13, 944 14 of 14

40. Theodore, M.; Hosur, M.; Thomas, ]J.; Jeelani, S. Influence of functionalization on properties of MWCNT-epoxy nanocomposites.
Mater. Sci. Eng. A 2011, 528, 1192-1200. [CrossRef]

41. Rahmanian, S.; Suraya, A.R.; Shazed, M.A.; Zahari, R.; Zainudin, E.S. Mechanical characterization of epoxy composite with
multiscale reinforcements: Carbon nanotubes and short carbon fibers. Mater. Des. 2014, 60, 34-40. [CrossRef]

42. Tang, X.; Yan, X. A review on the damping properties of fiber reinforced polymer composites. . Ind. Text. 2018, 49, 693-721.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1016/j.msea.2010.09.095
http://doi.org/10.1016/j.matdes.2014.03.039
http://doi.org/10.1177/1528083718795914

	Introduction 
	Materials and Methods 
	Results and Discussion 
	Conclusions 
	References



