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PRO-ADHESIVE SOL-GEL COATINGS FOR FIBERS IN EPOXY
RESIN COMPOSITE MATERIALS

Inadequate adhesive strength of the reinforcing fibers to the matrix in composite materials causes their delamination,
which reduces the bearing capacity and durability of the defected product, and in the case of pressure vessels or pipelines,
may cause their depressurization. One of possible methods to improve the adhesive strength is to coat the reinforcing fibers
by the sol-gel method with organosilica coatings. Silane coatings serve two purposes: 1) the film binds chemically to the sur-
face of the glass fiber, 2) wetting is improved by an increased chemical affinity of the resin to the fiber. Carbon and aramid
fibers are usually not coated in this manner, resulting in inferior adhesive properties. In this study, organosilica materials
were obtained by the sol-gel method using various silica precursors: methyltrimethoxysilane (MtMOS), ethyltriethoxysilane
(EtEOS) and tetramethoxysilane (TMOS). The materials were deposited on glass fiber and hybrid carbon/aramid fiber tex-
tiles, resulting in a change in the surface properties. The chemical structures were characterized by Raman spectroscopy,
indicating the presence of groups characteristic for silica, as well as the presence of functional organic groups connected by
silicon-carbon bonds. The surfaces of the coated fibers were observed by scanning electron microscopy (SEM), indicating
undesirable fiber bonding by the coatings obtained using the MtMOS and TMOS precursors, while no such bonding was
observed for the coating obtained using the EtEOS precursor. The wettability of the glass fibers by epoxy resin was measured
using the electro-optical method, revealing that the coatings made of the MtMOS and TMOS mixture improved the wettabil-
ity of the fibers with epoxy resin, facilitating adhesion.
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PROADHEZYJNE POKRYCIA ZOL-ZELOWE NA WLOKNA
W EPOKSYDOWYCH MATERIALACH KOMPOZYTOWYCH

Niedostateczna wytrzymalo$¢ adhezyjna polaczenia wlokien wzmacniajacych z matryca (osnowg) materialu kompozyto-
wego prowadzi do delaminacji, powodujacych redukcj¢ zdolno$ci do przenoszenia obciazen oraz trwalo$ci wyrobu, a w przy-
padku zbiornikéw ci$nieniowych i rurociagéw moze spowodowac ich rozszezelnienie. Jedna z mozliwych metod poprawy wy-
trzymalo$ci adhezyjnej jest pokrywanie wlokien wzmacniajacych metoda zol-zel powlokami organokrzemionkowymi.
Warstwa silanowa wiaze si¢ chemicznie (wigzaniami kowalencyjnymi Si-O) z powierzchnig wlokien szklanych. Zwilzanie ule-
ga poprawie dzi¢ki wickszemu powinowactwu chemicznemu zywicy do wi6ékien pokrytych niz niepokrytych. Lepsze zwilzanie
poprawia powiazanie adhezyjne pomi¢dzy wiéknami a matryca (Zywica) ze wzgledu na wi¢ksza powierzchni¢ kontaktu po-
mi¢dzy zywicq a wloknami. Wil6kna weglowe i aramidowe zwykle nie s3 w ten sposéb pokrywane, co skutkuje gorszymi
wladciwo$ciami adhezyjnymi. W pracy materialy organokrzemionkowe zostaly uzyskane metoda zol-zel z uzyciem ré6znych
prekursoréw krzemionkowych: metylotrimetoksysilanu (MtMOS), etylotrietoksysilanu (EtEOS) oraz tetrametoksysilanu
(TMOS). Materialy te zostaly naniesione na tkanin¢ z wlokien szklanych oraz hybrydowsa tkanin¢ weglowo/aramidowa, po-
wodujac zmiang ich wlasciwosci powierzchniowych. Struktury chemiczne zbadano z uzyciem spektroskopii Ramana, wykazu-
jac obecno$¢ ugrupowan chemicznych charakterystycznych dla krzemionki, jak réwniez obecno$¢ organicznych grup funk-
cyjnych polaczonych wigzaniami krzem-wegiel. Powierzchnie pokrytych wlékien obserwowano pod skaningowym
mikroskopem elektronowym (SEM), wskazujac niepozadane zlepienie wlékien przez pokrycia z prekursoréw MtMOS
i TMOS, przy braku takiego zlepienia przez pokrycia z prekursora EtEOS. Zwilzalno$¢ widkien szklanych przez zywic¢ epok-
sydowa zbadano metoda elektrooptyczna, wykazujac, ze pokrycia z MtMOS i TMOS poprawiaja zwilzalno$é, promujac tym
samym adhezje¢.

Stowa kluczowe: zol-zel, pokrycia organokrzemionkowe, wlokna szklane, wlokna weglowe, wlokna aramidowe

INTRODUCTION

Textiles made of synthetic fibers are widely used in  other industries, but also for the construction of pipe-
the production of polymer matrix composite materials lines and storage tanks, including high-pressure vessels
for applications in the automotive, aeronautics, and [1-3]. Despite the numerous advantages of such struc-



212

A. Szczurek, M. Barcikowski, J. Krzak

tural composites, they are characterized by structural
defects, which are manifested in insufficient adhesion
of the reinforcing fibers to the matrix. The inadequate
adhesive strength of composites causes their delamina-
tion [4]. This phenomenon is particularly observed in
the case of composite materials reinforced with carbon
and aramid fibers. Delamination of the composite re-
duces the bearing capacity and durability of the de-
fected product, and in the case of pressure vessels or
pipelines, may cause their depressurization [5]. One of
the possible methods to improve the adhesive strength
is to coat reinforcing fibers by the sol-gel method. The
process leads to an increase in wettability by an epoxy
resin [6-10]. Commercially used textiles are composed
of glass, carbon, or aramid fibers, or their mixtures.
Glass fibers are commonly coated with silane films that
serve both as a wetting-improving agent and adhesion
promoter. Such coatings are not commonly used with
carbon or aramid fibers. The silane film chemically
binds (with Si-O covalent bonds) to the surface of the
glass fiber. Wetting is improved by an increased chemi-
cal affinity of the resin to coated fibers, compared to
uncoated ones. Better wetting enhances the adhesive
connection between the fibers and the matrix (resin)
because of the larger contact surface between the resin
and fibers. Adhesion is enhanced, however, also by
introducing chemical bonding between the resin and the
silane. For example, in fiber coatings intended for use
with epoxy resins, amine groups in the silane film may
react with the epoxy groups in the resin, or vice versa -
the epoxy groups in the silane may react with the amine
hardener mixed with the resin. The roving (i.e. un-
twisted strands of hundreds or thousands of individual
fibers), is usually subjected to silane treatment that
doubles as sizing - protection of the fibers during fur-
ther processing, e.g. weaving [4].

In this paper, the authors describe the synthesis and
measurement of sol-gel silica coatings that improve the
wettability of synthetic fibers by epoxy resin.

EXPERIMENTAL PROCEDURE

Materials

Organosilica coatings were synthesized by the sol-
-gel method and deposited on synthetic fibers. Various
silica precursors were used: methyltrimethoxysilane
(MtMOS, AlfaAesar), ethyltriethoxysilane (EtEOS,
Sigma-Aldrich) and tetramethoxysilane (TMOS,
Sigma-Aldrich). Ethanol (EtOH, Stanlab Sp.J.) was
used as the solvent. The reactions were catalyzed by
concentrated hydrochloric acid (HCl). Two different
sols were obtained. In the first one MtMOS and TMOS
(MtMOS/TMOS molar ratio = 4.2) were used as the
precursors. In the second one, EtEOS was the precursor.
The ingredients were homogenized with a magnetic
stirrer for 1.5 hours.

Each sol was deposited on two kinds of textiles:
a textile made of glass fibers with a chemically active
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finish (type ST-60, Tkaniny Techniczne w Pabianicach
- S.A)) and a hybrid textile made of carbon and aramid
fibers (type PDL 9018, SGL TECHNIK). Before coat-
ing deposition the textiles were cleaned in acetone, then
in demineralized water and at the end in ethanol, using
an ultrasonic bath. To deposit the coating, the substrate,
in form of a textile, was immersed in a particular sol,
then sonicated and left immersed in the sol overnight.
After the deposition process the textiles were rinsed in
methanol (MeOH, Stanlab Sp.J.) by an ultrasonic
washer to remove the excess coating material. After
drying in air the materials were thermally stabilized for
12 hours at 60°C with a controlled temperature gradi-
ent.

Measurements

The physicochemical properties were characterized
by Raman spectroscopy with a Horiba Jobin Yvon
LabRAM HRS800 at the Laboratory of Sol-Gel Materi-
als and Nanotechnology, Wroclaw University of Tech-
nology, and scanning electron microscopy (SEM) with
a Zeiss EVO LS 15 at the Laboratory of Electron
Microscopy, Wroclaw University of Environmental and
Life Science. Raman spectroscopy was performed for
structural characterization. The surface morphology of
the samples was analyzed by SEM.

Fiber wetting speed tests were carried out on a stand
for measuring the wetting process by the electro-
optical method (Fig. 1) [11]. The stand was inspired by
test stands described by earlier authors [12-14].
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Fig. 1. Diagram of electrooptical method of investigating wetting pro-
cess

Rys. 1. Schemat metody elektrooptycznego badania procesu zwilzania

A glass Petri dish with the examined piece of fabric
is lit from the bottom by 8 LED. Above the Petri dish,
in a collimating tube, a photodiode sensor is placed.
The photodiode is connected to an electrical source and
microammeter. The LED light is transmitted through
the dish and the fabric in it, and induces current in the
microammeter circuit. The induced current is propor-
tional to the intensity of light reaching the photodiode,
which in turn depends on the attenuation of light on the
fabric. The attenuation weakens with progressing wet-
ting, hence the stream of light reaching the photodiode
intensifies. The measurement starts with injecting
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10 mL of resin onto the fibers. The current is registered
as a function of time. The wetting time is found on the
graph as the time two tangents intersect [12]. The fiber
wetting tests were performed using Araldite LY 1564
SP epoxy resin as the wetting agent. The measurements
were carried out on glass fibers only - this is because
the measurement method requires a sample which is at
least partially translucent. However, the influence of the
coating on the wettability properties should be similar
also in case of other substrates because the coating
properties determine the wettability of the coated fibers.

RESULTS AND DISCUSSION

Physicochemical properties

The SEM examinations show the surface morphol-
ogy of the obtained coatings on the synthetic fibers.
Figures 2 and 3 show two different coatings on glass
fibers at 1000x magnification. Figures 4 and 5 show
coating on carbon fibers and aramid fibers respectively,
at 5000x magnification. Figure 2 clearly reveals the
visible coating made using MtMOS and TMOS as pre-
cursors, which however, make the fibers stick together.

EHT=500kv  WD=105mm  Signal A= SE1 Mag= 1.00 K

Fig. 2. SEM micrograph of glass fibers with coating made of MtMOS
and TMOS as precursors

Rys. 2. Mikrografia SEM wtokien szklanych z pokryciem z uzyciem
prekursorow MtMOS i TMOS

Fig. 3. SEM micrograph of glass fibers with coating made of EtEOS as
precursor

Rys. 3. Mikrografia SEM wtokien szklanych z pokryciem z uzyciem
prekursora EtEOS

Signal A = SE1

Fig. 4. SEM micrograph of carbon fibers with coating made of EtEOS
as precursor

Rys. 4. Mikrografia SEM wiokien weglowych z pokryciem z uzyciem
prekursora EtEOS

Mag= 5.00K

Fig. 5. SEM micrograph of aramid fibers with coating made of EtEOS
as precursor

Rys. 5. Mikrografia SEM wiokien aramidowych z pokryciem z uzyciem
prekursora EtEOS

The fiber bonding effect (the undesired phenomenon
of binding of individual fibers by an excessive amount
of coating material) does not occur in the sample with
the coating obtained using EtEOS as the precursor, as
presented in Figure 3. The SEM micrographs of the
coated carbon fibers (Fig. 4) and coated aramid fibers
(Fig. 5) also show an absence of fibers bonded by the
coating. The lack of fiber bonding by the coatings may
indicate that every fiber is individually coated.

The Raman spectra of uncoated and coated glass
fibers, presented in Figure 6, show the similarity of
structural characteristics of organosilica coatings and
glass fibers used as the substrate, which correspond to
the authors' expectations. Bands characteristic for the
amorphous silica network are observed on the spectra.

Figure 7 shows the Raman spectra of uncoated and
coated aramid fibers, which indicates the presence of
the coating made of MtMOS and TMOS as the precur-
sors. In the spectrum of this sample, the low intensity
band characteristic of Si-OH groups (995 cm™)
appeared. Bands characteristic of functional organic
groups connected by silicon-carbon bonds (2205 cm™,
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2413 cm™', 2574 cm™) also appeared. Identification of
the chemical groups, carried out based on literature [15,
16], are presented in Table 1.
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Fig. 6. Raman spectra of uncoated and coated glass fibers. A - uncoated
glass fibers, B - glass fibers with coating made of MtMOS and
TMOS as precursors, C - glass fibers with coating made of
EtEOS as precursor

Rys. 6. Widmo Ramana niepokrytych oraz pokrytych wtokien szklanych.
A - niepokryte wiokno szklane, B - wiokno szklane z pokryciem
wykonanym z uzyciem MtMOS i TMOS jako prekursorow,
C - wtdkno szklane z pokryciem wykonanym z uzyciem EtEOS
jako prekursora
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Fig. 7. Raman spectra of uncoated and coated aramid fibers. A - uncoat-
ed aramid fibers, B - aramid fibers with coating made of MtMOS
and TMOS as precursors, C - aramid fibers with coating made of
EtEOS as precursor

Rys. 7. Widmo Ramana niepokrytych oraz pokrytych wiokien aramido-
wych. A - niepokryte wiokno aramidowe, B - wlokno aramidowe
z pokryciem wykonanym z uzyciem MtMOS i TMOS jako pre-
kursorow, C - widkno aramidowe z pokryciem wykonanym
z uzyciem EtEOS jako prekursora

Literature data suggest that the amount and length of
alkyl chains contained in the inorganic network would
have effects on the solid surface energy, manifesting in
the surface wettability [17, 18]. The alkyl groups of the
precursor linked directly to the silicon are not reactive
to hydrolysis reactions and they remain within the inor-
ganic network formed by hydrolysis-condensation reac-
tions, influencing the flexibility of the obtained materi-
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als [19]. In the case of the described materials, the
aforementioned groups (methyl: -CH; and ethyl:
-CH,CH3) are nonpolar and they can mask the polar and
dispersive energy of the oxide film. A decrease in the
solid surface energy is related to an increase in the
number of remaining alkyl groups and the length of
their chains. In accordance with the differences in sur-
face energy, the surface wettability should also be dif-
ferent.

TABLE 1. Identified chemical units and their Raman shifts
[15, 16]

TABELA 1. Zidentyfikowane ugrupowania chemiczne i ich
przesuni¢gcia Ramanowskie [15, 16]

Referenced
Value read f“’[‘,‘ the Raman shift Structural unit
spectra [em ™| 1
[em™]
Si-(OCHj;),
694 ( Figure 6) 697
(OH),
928 (Fi 6
(Figure 6) 955830, .
994 (Figure 6) 980 Si-OH
995 (Figure 7)
1047 (Figure 6) 1090+1010 Si-O-Si
1216 (Figure 6) 1250+1175 Si-CH,R
1298 (Figure 6) 1300 C-O0
2205 (Figure 7)
2409 (Figure 6) ~2410,
2413 (Figure 7) not hydrolysable
) organic moieties
2570 (Figure 6) ~2580,
2574 (Figure 7)
2757 (Figure 6) ~2750
3070 (Figure 6) 3000+3800 O-H
3594 (Figure 6) 3595 SiO-H

Wetting process

In Figure 8 the graph of the glass fiber wetting proc-
ess (uncoated and coated) by epoxy resin is presented.
Analysis of the current intensity changes in the sensor
circuit during the fiber wetting process indicate an in-
creased speed of the process for the fibers modified by
the coating made of MtMOS and TMOS as precursors.
This fact reveals improvement in the wetting process
after fiber modification. It indicates that the material
applied on the fibers has a greater affinity to the resin
than uncoated fibers. In the case of fibers modified by
the coating made of EtEOS as the precursor, the speed
of the fiber wetting process decreased, which may
indicate a low affinity of this material, caused by the
relatively high amount of nonpolar ethyl groups, to the
epoxy resin or the absence of coating.
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Fig. 8. Graph of glass fiber (uncoated and coated) wetting process by
epoxy resin. A - uncoated glass fibers, B - glass fibers with coat-
ing made of MtMOS and TMOS as precursors, C - glass fibers
with coating made of EtEOS as precursor

Rys. 8. Wykres procesu zwilzania widkien szklanych (niepokrytych oraz
pokrytych) przez zywice epoksydowa. A - niepokryte wiokna
szklane, B - wiokna szklane z pokryciem wykonanym z uzyciem
MtMOS i TMOS jako prekursorami, C - wiokno szklane z po-
kryciem wykonanym z uzyciem EtEOS jako prekursora

CONCLUSIONS

This work describes a method of modifying the sur-
face of synthetic fibers by the sol-gel method. It was
observed that different kinds of fibers have a different
affinity to the applied materials, resulting from the
physicochemical structure of the fibers.

Based on SEM analysis, it was noticed that the
undesired fiber bonding effect depended on the precur-
sor used. For the materials synthesized using a combi-
nation of MtMOS and TMOS as the precursor, this
undesirable effect occurs, but for the obtained sol-gel
materials based on the EtEOS precursor, the fiber bond-
ing effect did not occur.

It was also found, however, that the coatings made
of MtMOS and TMOS as precursors perform better in
improving the wettability of the fibers by epoxy resin.
Improvement in the glass fiber wettability was obtained
to an extent even greater than that achieved during the
production of glass fiber fabrics (pre-applied prepara-
tions). This may indicate that it is possible to improve
carbon and aramid fiber wettability using the same
coatings.

Acknowledgements

This work was financially supported by grant No.
0402/00159/16.

REFERENCES

[1] Boczkowska A., Kapuscinski J., Pucitowski K., Wojcie-
chowski S., Kompozyty, Oficyna Wydawnicza Politechniki
Warszawskiej, Warszawa 2000.

[2] Blazejewski W., Gasperowicz A., Gasior P., Kaleta J.,
Composite vessels for compressed hydrogen fuel. Homolo-
gation requirements and testing methods, [in:] G. Wrdbel

(Ed.), Engineering polymers and composites, Politechnika
Slaska, Gliwice 2006, 23-30.

[3] Hufenbach W., Btazejewski W., Kroll L., Bchm R., Gude
M., Czulak A., Manufacture and multiaxial test of compo-
site tube specimens with braided glass fiber reinforcement,
J. Mater. Process. Technol. 2005, 162-163, 65-70, DOI:
10.1016/j.jmatprotec.2005.02.212.

[4] Krdlikowski W., Polimerowe kompozyty konstrukcyjne,
WN PWN, Warszawa 2012.

[5] Oczos K.E., Kompozyty widkniste - wlasciwosci, zastoso-
wanie, obrobka ubytkowa, Mechanik 2008, 81, 579-592.

[6] Wang Y.Q., Zhou G.L., Wang Z.M., Oxidation protection
of carbon fibers by coatings, Carbon 1995, 33, 427-433,
DOI: 10.1016/0008-6223(94)00167-X.

[7] Tang Y., Deng Y., Zhang K., Liu L., Wu Y., Hu W., Im-
provement of interface between Al and short carbon fibers
by a-Al203 coatings deposited by sol-gel technology, Ce-
ram. Int. 2008, 34, 1787-1790, DOI: 10.1016/j.ceramint.
2007.05.008.

[8] LiS., Zhang Y.M., Zhou Y.F., Preparation and characteriza-
tion of sol-gel derived zirconia coated carbon fiber, Surf.
Coat. Technol. 2012, 206, 4720-4724, DOI: 10.1016/
j-surfcoat.2012.01.037.

[9] Olszéwka-Myalska A., Botor-Probierz A., Krzak-Ros J.,
Lukowiak A.,Rzychon T., Zastosowanie procesu zol-zel do
pokrywania powierzchni wlokien weglowych warstwa SiO,,
Kompozyty 2009, 9, 332-336.

[10] Olszéwka-Myalska A., Botor-Probierz A., Swadzba L.,
Krzak-Ro$ J., Mozliwosci wytwarzania powlok technolo-
gicznych na wioknach weglowych, Inzynieria Materiatowa
2009, 3, 163-168.

[11] Barcikowski M., Krolikowski W., Effect of resin modifica-
tion on the impact strength of glass-polyester composites,
Polimery 2013, 58, 450-460. DOI: 10.14314/polimery.
2013.450.

[12] Krélikowski W., Izbicka J., Miklaszewicz J., Einige
Methoden der Einschitzung der Oberficheneigenschaften
des Glasseidenrovings fiir die Anwendung bei der
Harzverstarkung, in Vystuzene Plasty - 72, 1972, Karlovy
Vary, Czechoslovakia 1972, 24-49.

[13] Willax H.O., Ehrenstein G.W., Der Einflul von Trinkungs-
und Benetzungseigenschaften auf mechanische Kenngréfien
glasfaserverstirkter Kunststoffe, Kunststoffe 1972, 62, 887.

[14] Hess M., Kosfeld R., Epoxy Resin-Glass Interfaces (Optical
Properties), [in:] J.C. Salamone (Ed.), Polymeric materials
encyclopedia, D-E, Vol. 3. CRC Press, Inc., 1996, 2218-
2232.

[15] Brinker C.J., Scherer G.W., Sol-Gel Science: The Physics
and Chemistry of Sol-Gel Processing (1st ed.), Academic
Press, London 1990.

[16] Socrates G., Infrared and Raman Characteristic Group
Frequencies, John Wiley & Sons Ltd, Hoboken 2001.

[17] Houmard M., Vasconcelos D.C.L., Vasconcelos W.L.,
Berthomé G., Joud J.C., Langlet M., Water and oil wettabil-
ity of hybrid organic—inorganic titanate-silicate thin films
deposited via a sol-gel route, Surf. Sci. 2009, 603, 2698-
-2707, DOI: 10.1016/j.susc.2009.07.005.

[18] Wang M., Wang Y., Chen Y. Gu H. Improving
endothelialization on 316L stainless steel through wettabil-

ity controllable coating by sol-gel technology, Appl. Surf.
Sci. 2013, 268, 73-78. DOI: 10.1016/j.apsusc.2012.11.159.

[19] Atanaci A.J., Latella B.A., Barbé C.J., Swain M.V., Me-
chanical properties and adhesion characteristics of hybrid

sol—gel thin films, Surf. Coatings Technol. 2005, 192, 354-
-364, DOI: 10.1016/j.surfcoat.2004.06.004.

Composites Theory and Practice 17: 4 (2017) All rights reserved



