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 Antireflective (AR) SiO2 coatings were developed in this work to increase the 
transmittance of glass in the visible light range of 400-800 nm, due to their 
potential applications on solar energy systems. Also, double-layer AR coatings 
were prepared by covering AR SiO2 layer with a dense TiO2 layer with the aim of 
protecting AR layer from environmental effects. SiO2 coatings were obtained 
with sol-gel and dip coating methods, by using acid- and base-catalyzed silica 
sols as precursors. Only 1% transmittance increase was gained with acid-
catalyzed SiO2 coating due to its dense structure. On the contrary, SiO2 coatings 
formed by base-catalyzed sol have transmittance > 99% in the 460-660 nm 
range and of 99.8% at 550 nm, corresponding to the wavelength at maximum 
intensity of solar spectrum. This high values were attributed to the porous 
structure of the film revealed by SEM and AFM analysis, and to the optimized 
thickness of coating achieved at 90-120 mm/min withdrawal speeds. 
Transmittance of base-catalyzed SiO2 coatings decreased to an average value of 
96.2% after coated with high refractive index TiO2 layer. However, still a 5-6% 
achievement in transmittance of glass in 400-800 nm range was attained by 
optimizing the thickness of each layer using different withdrawal speeds, and 
concentration and types of the precursor sols. Characterization of the coatings 
was performed with SEM, AFM, EDS and FTIR analysis.  
 

© 2019 MIM Research Group. All rights reserved. 

 
Keywords:  
Antireflective glass; 
SiO2; 
TiO2;  
Double-layer coating; 
Thin films; 
Sol-gel method 

 

1. Introduction 

Antireflective (AR) coatings decrease the reflectance of the light directed towards them, 
thus resulting in a high degree of light transmittance. These optical coatings can be applied 
to all surfaces where a minimum loss of light is required. However, achieving a high 
transmission of light through glass is an important research subject especially for the solar 
energy systems, as in photovoltaic and solar thermal devices, to enhance their 
effectiveness [1-3]. AR coatings are widely applied to increase the solar radiation 
absorption in these systems, by reducing the natural reflectance loss (~8-9%) of glass 
components, such as, glass envelops of the receiver tubes in parabolic trough collectors, 
glass covers of solar collectors, and glass covers of photovoltaic devices to protect its 
components from outdoor environment [2-5]. AR coatings are also used in a great number 
of technological application areas like, high power laser systems, camera and telescope 
lenses, architectural glasses, eyeglasses, TV screens, display panels, touch screens, etc. 
[1,6-8]. 

mailto:berrin.ikizler@ege.edu.tr
http://dx.doi.org/10.17515/resm2019.105ma0130
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AR coatings attain minimum or zero reflectance if their thickness and also refractive index 
are appropriately adjusted [8]. The refractive index of an AR coating (nc) should satisfy the 
condition given in Eq. (1) to achieve, theoretically, zero-reflectance [8].  

𝑛𝑐 = (𝑛0 × 𝑛𝑠)
1/2 (1) 

where n0 and ns are the refractive indexes of the medium and the substrate, respectively. 
Refractive index of glass material, the substrate, is known to be 1.47-1.57. Therefore, AR 
films applied on a glass surface must have a refractive index (RI) value of 1.21-1.25 to reach 
zero-reflectivity in air medium (n01.0) [9]. The common materials used as AR coating in 
the visible range are SiO2 (nc=1.45), Al2O3 (nc=1.65), MgF2 (nc=1.38), SiO (nc=1.85) and ZnO 
(nc=2.0) [9,10], but, none of these materials has such a low RI value. Among these materials, 
SiO2 is generally preferred due to its relatively low RI value [11]. As the refractive index is 
proportional to the material density, having a porous structure will help to decrease a 
material’s RI value to the desired levels [11].  

Among many coating techniques, it is possible by sol-gel method to produce a porous 
structure required for achieving a low RI and to control the distribution of the pores within 
the structure [12]. This method has many advantages when compared to coating 
technologies such as CVD and sputtering: a simple and inexpensive process; easily coating 
of even large and complex surfaces, industrial applicability via dipping and spraying; and 
easy control of process parameters [12-14].  

Single-layer AR coatings improve the light transmittance of a substrate effectively but only 
for narrow wavelength range. For the success in a broad spectrum range, double or 
multilayer AR coatings are required with an increased optical performance [10,15]. 
Production of such systems is needed to combine coating layers having different refractive 
indexes. It is of general practice to choose pairs of materials having high (2.0-2.3) and low 
(1.45-1.52) indexes [9]. In addition, thickness of each layer should be adjusted in such a 
way that a destructive interference of light between layers is created, which will 
consequently cause a low reflectance value. Double-layer AR coatings are generally 
developed by using a very low refractive index material, such as porous SiO2 or fluorides, 
at the outer layer to achieve minimum reflectivity [8,9]. Although these systems attain 
excellent optical features by this way, their mechanical strength and long-term stability are 
reported to be relatively poor for outdoor applications [8,9]. Therefore, contrary to the 
most of the works given in literature [4,9], it is needed to develop double-layer AR systems 
by covering the inner SiO2 layer with an outer layer, which will have a protective role 
against environmental factors [3]. Typically, the materials such as TiO2, WO3, ZrO2, ZnO, 
SnO2 and CdS are used for this purpose [3,8,9,16]. Among these, TiO2 films are 
distinguished because of its high mechanical strength, high chemical stability and 
superhydrophilic property under UV light, besides its well-known self-cleaning feature 
[16]. Nevertheless, its refractive index, 2.3-2.5, is too high [16] so an outer TiO2 layer will 
significantly reduce the light transmittance when used in double layer AR systems. Thus, 
development of multifunctional coatings, integrating the antireflective and durability 
characteristics into one stack and working in the whole visible light range, are still a 
challenging task [3]. One of the approaches for this purpose is to make a porous TiO2 layer 
over the double layer system to lower its refractive index, and consequently increase the 
transmittance of the AR system. Removable organic templates (Pluronic F127, Triton X-
100, PEG, etc.) are used in the sols as pore making agents, but these methods require high 
annealing temperatures, like 400-500C to remove these organic materials [8,12,17]. 
Another approach is to use colloidal particles dispersed in a solvent [18]. After solvent 
removal, a porous titania layer is left over the surface. However Zhang et al. [18] found 
that, the resultant double-layer coating was not too effective to enhance the transmittance 
of glass. Thus, the goal of the present study is to produce AR double layer coatings 
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synthesized under very low temperatures with enhanced AR properties that will be 
applicable to any transparent substrate. 

In this work, single-layer SiO2 and double-layer SiO2/TiO2 coatings are developed to 
maximize the transmission of light through glass slides in the entire visible light range of 
400-800 nm. AR features are gained by SiO2 coatings and TiO2 is selected to perform as a 
protective layer. Sol-gel and dip coating techniques are used in the deposition of the 
coatings. At first step, deposition conditions of single-layer SiO2 and also single-layer TiO2 
films are optimized individually for a maximum light transmittance. Withdrawal speeds 
(30-240 mm/min) of the substrates are adjusted for an optimum film thickness of the 
films. SiO2 films are obtained using both acid-and base-catalyzed sols in order to change 
the porosity of the resultant film. However, TiO2 films are synthesized using only acid-
catalyzed sols to form a dense film in the final AR coatings. As a second step, the optimized 
conditions are combined together to form double-layer SiO2/TiO2 coatings. The drawback 
appeared by the use of TiO2 as top layer is overcame by controlling the thickness of each 
layer, so keeping the AR properties of the SiO2 layer. Coating thickness is optimized by 
changing the withdrawal speed and concentration of titanium in the coating sol. 

2. Materials and Methods  

2.1. Materials 

All chemicals used in the experiments were of analytical grade and purchased from Sigma-
Aldrich. Tetraethyl orthosilicate (TEOS, Si(OC2H5)4, 99%) and tetrabutyl orthotitanate 
(TBOT, Ti(OC4H9)4, 97%) were used as the precursors of the silica and titania sols, 
respectively. NH3 (28-30%) was used as the base catalyst in the system and HCl (37%), as 
the acid catalyst. Absolute ethanol (EtOH, 99.8%) was selected as the solvent of the sols. 
Ultrapure water (18.2 MΩ.cm) was used in the experiments and obtained from Millipore 
Direct-Q8-UV water purification system. Soda-lime glass slides (2.6×7.6 cm, Marienfeld 
Co.) with thickness of 1 mm were used as substrates for the deposition of coatings. Glass 
substrates (G, in short) prior to usage were cleaned ultrasonically in acetone and ethanol 
for 15 min. They were then immersed in concentrated sulfuric acid for one week, followed 
by thorough washing with distilled water.   

2.2. Preparation of Sols 

2.2.1 Preparation of SiO2 Sols 

Silica sols were prepared by using either a base or an acid catalyst to investigate the effect 
of catalyst type on the AR properties. For the base-catalyzed sol, NH3-EtOH mixture was 
added dropwise into TEOS-EtOH mixture under vigorous stirring. The resultant sol was 
stirred further for 2 h at 25C. The transparent silica sol with a pale blue color was obtained 
after aging for 2 days at 25C. The molar ratio of TEOS:H2O:NH3:EtOH in the final solution 
was 1:2.37:1:38 [19], and the concentration of silicon ions was 0.4 mol/L (pH  10.8). Acid-
catalyzed silica sol was prepared by the dropwise addition of H2O-EtOH mixture into TEOS-
HCl-EtOH mixture under vigorous stirring. The molar ratio of TEOS: H2O:HCl:EtOH in the 
final solution was 1:4:0.004:80.4 (pH  3) [20]. The transparent sol was aged for 2 days 
prior to usage. SiO2 coatings obtained by using the base-catalyzed sol and by using the acid-
catalyzed sol were shortly denoted as B-SiO2 and A-SiO2, respectively, in the text.  

2.2.2 Preparation of TiO2 Sols 

Titania sols were prepared by hydrolyzing TBOT-HCl-EtOH mixture with the dropwise 
addition of H2O-EtOH mixture under vigorous stirring. The resultant transparent acid-
catalyzed sol was stirred further for 2 h and also aged for 2 days prior to usage. The molar 
ratio of TBOT:H2O:HCl:EtOH was 1:3.55:0.22:164 [20] with a final titanium concentration 
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of 0.1 mol/L (pH  1.6). In addition, a titania sol having 0.2 mol/L titanium concentration 
was also prepared by using the molar ratios of components as 1:3.55:0.22:78.3 (pH  1.3), 
to investigate the effect of titanium concentration on the AR properties.  

2.3. Deposition of Coatings on Glass Surface 

Single-layer SiO2 (G/SiO2) or single-layer TiO2 (G/TiO2) coatings were obtained by 
depositing appropriate sols onto the both sides of the clean substrates using dip coating 
technique. The as-coated films were then dried at 120°C for 3 h in an oven under ambient 
atmosphere. The effects of dip-coating parameters (withdrawal speed (WS) and also dwell 
time of the substrates in the sols) were investigated in detail to enhance the AR properties 
of single-layer coatings. 

Double-layer coatings (G/SiO2/TiO2) were produced by coating the glass substrates first 
with SiO2 layer (inner layer) and then with TiO2 layer (outer layer). Each layer was heated 
at 120°C for 3 h. The following parameters were investigated to maximize the AR 
properties of the double-layer coatings: Withdrawal speeds, catalyst type of the SiO2 
coatings (A-SiO2 and B-SiO2) and titanium concentration in the TiO2 sols (0.1 M and 0.2 M). 

2.4. Characterization 

Field emission scanning electron microscopy (SEM, ThermoScientific/Apreo S) was used 
in the morphological characterization of SiO2 and TiO2 coatings. The thickness of the 
coatings was determined from the cross-sectional SEM view of the samples. The elemental 
analysis of the coatings in terms of atomic percent was done by energy dispersive X-ray 
spectroscopy (EDS) connected to the SEM. The surface topography of the coatings was 
identified by BRUKER-Dimension Edge with ScanAsyst atomic force microscopy (AFM). 
AFM analysis was conducted in tapping mode for a scan area of 3 µm   3 µm. The surface 
roughness values were obtained after the analysis of AFM images and represented in terms 
of root mean square roughness (Rq). Chemical structure of the films was detected by 
Fourier transform infrared spectrophotometer (FTIR, Perkin Elmer/Spectra100) with 
ATR attachment, working in the range of 4000-650 cm-1. AR properties, optical 
transmittance and reflectance, of the glass substrates before and after coated with different 
films were determined with UV-Visible spectrophotometer having a 60 mm integrating 
sphere attachment (Shimadzu/UV-2600-ISR), in the wavelength range of 300-1000 nm. 

3. Results and Discussions 

3.1. Development of Antireflective SiO2 Coatings 

SiO2 is used to form an AR layer over glass surface because of its low refractive index (RI) 
value. SiO2 film is deposited on the surface with sol-gel polymerization of TEOS in ethanol 
and water under either acid- or base-catalyzed conditions. A network of Si−O−Si gel is 
obtained after the hydrolysis of the alkoxysilane, TEOS, as given in Eq. (2) and 
polycondensation of the hydrolyzed species (Eqs. (3)-(4)) [21].  

≡ 𝑆𝑖 − 𝑂𝐶2𝐻5 +𝐻2𝑂 
𝐻+𝑜𝑟 𝑂𝐻−

→        ≡ 𝑆𝑖 − 𝑂𝐻 + 𝐶2𝐻5𝑂𝐻 (2) 

≡ 𝑆𝑖 − 𝑂𝐻 + ≡ 𝑆𝑖 − 𝑂𝐶2𝐻5
𝐻+𝑜𝑟 𝑂𝐻−

→        ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡  + 𝐶2𝐻5𝑂𝐻 (3) 

≡ 𝑆𝑖 − 𝑂𝐻 + ≡ 𝑆𝑖 − 𝑂𝐻 
𝐻+𝑜𝑟 𝑂𝐻−

→        ≡ 𝑆𝑖 − 𝑂 − 𝑆𝑖 ≡  + 𝐻2𝑂 (4) 
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3.1.1 Effect of Catalyst Type 

The hydrolysis and polycondensation reactions, in Eqs. (2)-(4), depend on many 
parameters like catalyst type, concentration of species, type of solvent, temperature, etc 
[22]. However, type of catalyst might have the utmost importance in determining the rate 
of hydrolysis and condensation reactions, thus in turn, the growth behavior of SiO2 
colloidal particles in a gel. Under acid-catalyzed conditions, primary silica particles tend to 
form linear or randomly branched polymeric chains. These chains entangle and are also 
cross-linked during growth stage, finally resulting in a dense gel film over the surface 
[23,24]. The porosity of this dense film is relatively low, therefore, coatings obtained from 
acid-catalyzed sols have a refractive index value of ~1.44 [23-26], nearly the same as that 
of bulk SiO2 (nc=1.45). Using a base catalyst instead leads to a spherically expanding 
particle (cluster) growth. The growth of these discrete colloidal particles leads to a 
network structure formation, where voids in nanometer scale are entrapped between 
them, eventually resulting in a porous film formation over the surface at the end of gelation. 
Thus, refractive index of SiO2 coatings obtained by using the base-catalyzed sol (B-SiO2) is 
reported to be in the range of 1.12-1.35 depending on the resultant pore volume 
[19,23,24,27]; remarkable lower than the one using the acid-catalyzed sol (A-SiO2). 

The dense and porous structure of the A-SiO2 and B-SiO2 coatings are assessed with SEM 
analysis, shown in Fig. 1(a) and (b), respectively. The films are coated at 120 mm/min 
withdrawal speed. Fig. 1(a) points out a smooth and dense surface structure for the acid-
catalyzed SiO2 coatings. This must be the consequence of dense packing of chain-like 
polymeric particle network. On the contrary, the surface of coatings deposited from the 
base-catalyzed sol shows a rather rough surface, as given in Fig. 1(b). Silica aggregates 
(light sides) and voids between them (darker sides) can be distinguished from the top 
surface view. Similar SEM images were also obtained by Xiao et al. [25] for both acid- and 
base-catalyzed SiO2 coatings. The cross-sectional SEM views, given as an inset in Fig. 1(a) 
and (b), revealed that B-SiO2 film are formed from individual silica clusters in spherical 
form while only a dense film is detected in A-SiO2 coatings, probably because of its small 
primary particles. The thickness of A-SiO2 and B-SiO2 layers is measured as ~31±3 nm and 
~140±4 nm, respectively. The EDS analysis performed during SEM study indicate the 
existence of only silicon and oxygen atoms in the coatings regardless of the catalyst type. 
Silicon atom at 33.33 at.% and oxygen atom at 66.67 at.% prove that silica film is in the 
oxide state, as given in Fig. 1(c) and (d) for A-SiO2 and B-SiO2, respectively.  

AFM measurements are performed to elucidate more clearly the surface morphologies of 
SiO2 coatings and their roughness profiles. The results are shown in Fig. 2 and confirm the 
SEM observations. Three-dimensional (3D) AFM images verify that acid-catalyzed SiO2 
coating consists of very tiny particles (Fig. 2(a)), whereas, base-catalyzed SiO2 coating is 
formed from relatively bigger and discrete particles in spherical form (Fig. 2(b)). The size 
of particles measured from AFM images, are found to be in the range of 5-20 nm for A-SiO2 
and 30-70 nm for B-SiO2 coatings, compatible with the mean particle sizes obtained by 
Vincent et al. [24]. Surface roughness of the coatings is also characterized by AFM analysis 
for the entire scan area of 3 µm x 3 µm. Root mean square roughness (Rq), the standard 
deviation of the distribution of profile heights, is measured as 0.47 nm for A-SiO2 and 
2.85 nm for B-SiO2 films. The roughness values of the coatings are in good agreement with 
the Rq values of acid-catalyzed SiO2 (0.394 nm) and porous SiO2 (2.914 nm) coatings, 
deposited in the work of Wang et al. [28].The very low Rq value of A-SiO2 proves that these 
coatings have atomically smooth surface structure, which could only be obtained by the 
dense packing of tiny particles. B-SiO2 film have relatively rough surface when compared 
to A-SiO2 film, apparently due to the size of its particles and the voids remained between 
these discrete particles. Representative cross-sectional views of the 3D images are 
depicted in Fig. 2(c) and (d) to reveal the height profile changes of the film surfaces 
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evidently. The height profile (peak heights/valley depths) of A-SiO2 film remains within 
the ±1 nm range (Fig. 2(c)), verifying the smoothness of the surface. However, the larger 
amplitude peaks and valleys within the range of ±6 nm (Fig. 2(d)) for B-SiO2 film can be 
attributed to its rough surface structure. Moreover, the peak widths in the surface profiles 
could be taken as an indication of the size of the particles. When compared to narrow peak 
widths of A-SiO2 film, larger peak widths signify the bigger particle existence within the B-
SiO2 film. Smooth and relatively rough surface morphologies for acid- and base-catalyzed 
SiO2 coatings were also demonstrated by Li and Shen [26] and Wu et al. [23] in their AFM 
analysis. 

  

(a)  (b) 

  

(c) (d) 

Fig. 1 SEM images of (a) acid-catalyzed and (b) base-catalyzed SiO2 coatings (The insets 
show the cross-sectional views); and their corresponding EDS results in (c) and (d), 

respectively  

 

SiO2 layer 
Glass 
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(a) (b) 

  

(c) (d) 

Fig. 2 3D AFM images of (a) acid-catalyzed and (b) base-catalyzed SiO2 coatings and their 
cross-sectional scans of the surface profiles in (c) and (d), respectively 

Chemical structure of SiO2 films is confirmed with ATR-FTIR measurements and the results 
are given in Fig. 3 with the symbols showing the peak locations. Uncoated glass substrate 
(soda lime silica glass) shows two peaks at ~780-790 cm-1 and ~900 cm-1, indicating the 
symmetric stretching of Si−O−Si bonds and stretching vibrations of Si−OH bonds, 
respectively [21,29]. Beside peaks coming from the glass substrate, the most intense peak 
observed at 1060-1080 cm-1 (indicating with an arrow) can be ascribed to the asymmetric 
stretching of Si−O−Si bonds [21,29]. The presence of this distinct absorption peak verifies 
the SiO2 formation over the glass surface for both A-SiO2 and B-SiO2 coatings and its 
network structure, as also indicated by Qian et al. [21] and Ganbavle et al. [30]. Fig. 3 also 
shows that the intensity ratio of Si−O−Si to Si−OH peaks (at positions 1070 cm-1 and 
900 cm-1) is higher for B-SiO2 coatings than A-SiO2 films, as also found by Vincent et al. [24]. 
They interpreted this ratio as an indication of the completion of the condensation reaction 
of silanol group (Si−OH) in SiO2 films. Therefore it can be deduced that using a base catalyst 
increases the rate of condensation reaction of silanol group (Si−OH) to form siloxane 
groups (Si−O−Si) [22-25]. These findings verify that under the acid-catalyzed conditions, 
hydrolysis is fast and condensation is slow; on the other hand, the condensation rate is 
faster than hydrolysis rate under the base-catalyzed conditions [22,23,25,31]. 
Furthermore, the absence of peak at 1400 cm-1 (bending of C–H bonds) in B-SiO2 films 
implies the purity of the coatings since no residual ethoxy groups exist [19]. However, the 
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wide weak peak observed at 2985 cm−1 (asymmetric stretching of C–H bonds) in addition 
to the weak peak at 1400 cm-1 in A-SiO2 coatings must be due to the unreacted TEOS 
precursor [19,30]. All these findings denote that SiO2 reaction goes to the completion with 
a base catalyst under low drying temperatures [19]. 

 

Fig. 3 FTIR spectra of uncoated and SiO2 coated glass substrates  

Optical transmittance (T) and reflectance (R) spectra of SiO2 coatings obtained using both 
acid- and base-catalyzed sols are shown in Fig. 4(a) and (b), respectively. Single-layer SiO2 
coatings obviously increase the transmittance of the glass substrates for both catalysts 
when compared to uncoated one. Average transmittance of uncoated glass, in the whole 
visible light range of 400-800 nm, is calculated as 91%. Coating the glass surface with base-
catalyzed SiO2 film raises the average transmittance to 98.1% at this wavelength range but 
with acid-catalyzed SiO2 film, only to 92.3%. In other words, ~7.1% increase in 
transmittance is gained with B-SiO2 coating, compared to ~1.3% increase with A-SiO2 
coating. Substantially higher transmittance of B-SiO2 film must be the results of its porous 
structure, as also confirmed by SEM and AFM images. It can be deduced that AR properties 
of glass is significantly enhanced by B-SiO2 coatings. Fig. 4(b) also supports this inference. 
While ~9% of light is reflected from both sides of the air/uncoated glass interface in 
wavelength range of 400-800 nm, this average value can be reduced to 1.8% by coating the 
glass surface with B-SiO2 film. Moreover, it can be lowered to even below 1% in the 
wavelength range of ~560-790 nm and to a lowest level of 0.4% at 655 nm. However, 
average reflectance value of glass can only be reduced to 7.7% by A-SiO2 coating.  

Glass substances coated with AR films attain zero-reflectivity in air medium if destructive 
interference can be created between light reflected from the coating/air interface and 
coating/glass interface. This condition can only be met if both refractive index and 
thickness of the applied coating are appropriately chosen [32]: (i). Refractive index value 
(nc) of the coatings applied on glass surface should be between 1.21 and 1.25, as can be 
calculated from Eq. (1). (ii). thickness of coatings (dc) should be adjusted so that 
destructive interference can occur at one quarter of the wavelength (λ) of incident light 
desired [32]:  

𝑑𝑐 = (𝜆 4⁄ ) 𝑛𝑐⁄  (5) 

Reflectivity of base-catalyzed SiO2 coating could be as low as 0.4% as shown in Fig. 4(b), so 
it can be inferred that, RI value of these coatings must be within 1.21-1.25 range. RI value 
of B-SiO2 coating can be estimated using Eq. (5), considering the wavelength at minimum 
reflectance ( = 655 nm) in Fig. 4(b) (or maximum transmittance in Fig. 4(a)), and its 
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coating thickness, dc  140 nm (from Fig. 1(b)). nc is calculated as ~1.17, in agreement with 
the experimental nc results of Xiao et al. [25], Suratwala et al. [19] and also Yan et al. [27] 
who used approximately the same molar ratio of components with this work. When 
compared to nc = 1.45 of bulk SiO2, this low RI value proves the porous nature of B-SiO2 
coatings. The base-catalyzed hydrolysis leads to bigger particle formation, as determined 
by AFM images. Void spaces are remained between these bigger particles during particle 
packing. A porous coating is finally formed at the end of gelation, where air can be 
entrapped within voids (nair  1), resulting in a lower refractive index compound, nc ~ 1.17 
[24,33,34]. On the contrary, tiny silica particles are obtained if an acid catalyst is used. 
When the particle size becomes smaller, void spaces between these particles decrease 
considerably during the particle packing. Hence, RI of this final dense film is high [24,33]. 
The reason of the very high transmittance values attained by B-SiO2 coating compared to 
dense A-SiO2 coating must be the lower refractive index of the base-catalyzed film. 
Therefore, this work is mainly focused on base-catalyzed SiO2 coatings to achieve zero-
reflectivity. 

  

Fig. 4 Effect of catalyst type on (a) transmittance and (b) reflectance spectra of single-
layer SiO2 coatings (WS=120 mm/min) 

Surface topography of the coatings must also be taken into consideration to prevent light 
scattering for attaining zero-reflectivity. A rough surface may lead to optical scattering loss 
in the transmitted light (transmission haze), especially if the magnitude of the surface 
roughness is close to the working wavelength of light [3,24,26,35]. Vincent et al. [24] 
calculated the scattering loss in transmitted light (Tdiffuse/Ttotal ratio at  = 550 nm) caused 
by the surface roughness of their acid- (Rq = 0.3 nm) and base-catalyzed (Rq = 4.5-16.2 nm) 
silica films. No any significant surface light scattering was detected in their work and 
0.67% maximally, for the base-catalyzed films having Rq = 16.2 nm. In addition, using the 
Rayleigh scattering model (roughness dimensions are lower than the wavelength of light), 
Mozumder et al. [3] evaluated Rayleigh scattering in the visible region (at  = 532 nm) as 
negligible for silica (nc = 1.43) surfaces if roughness is smaller than 100 nm. Since Rq 
roughness of both A-SiO2 (Rq = 0.5 nm) and B-SiO2 (Rq = 2.9 nm) coatings in this work is 
less than 3 nm, it can be inferred that, intensity of the scattering loss in transmitted light 
can be accepted as negligible in the working wavelength range of  =400-800 nm with 
these very small roughness values of either catalyst type [28,36]. The optical results of this 
work are the results of total light transmittance (or reflectance) measurements obtained 
by the integrating sphere attachment. Transmission haze, the percentage ratio of the 
diffusely (scattered) transmitted light to the total transmitted light (Tdiffuse/Ttotal or (Ttotal-
Tdirect)/Ttotal), can be estimated if the intensity of the directly transmitted light values are 
known [35]. By this approximation, transmission haze is found as 0.4% and 0.9% for A-
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SiO2 and B-SiO2 coatings, respectively, consistent with the roughness values. In addition, if 
the thickness of coatings is increased, a maximum haze of 1.1% is observed, showing the 
high direct transmittance and low transmission haze of the coatings [24,28,35,36].  

3.1.2 Effect of Withdrawal Speed 

Thickness of coating can be adjusted for minimum reflectivity by changing the withdrawal 
speed (WS) in the dip coating technique, keeping all other parameters constant. The effect 
of WS, ranging from 30 to 240 mm/min, on the optical properties of base-catalyzed SiO2 
coatings is shown in Fig. 5. Transmittance spectra in Fig. 5(a) show that B-SiO2 coatings 
increase the transmittance of glass for all speeds. However, highest transmittance value 
(the maximum peak point of the broad spectrum) of 99.8% is reached at WS=90 mm/min. 
Withdrawal speeds >90 mm/min result in very slight decrease in maximum peak values, 
from 99.8% to 98.5%. In addition, maximum transmittance peak positions shift towards 
longer wavelengths with the increase in WS, as noted in Table 1. The red-shift in 
wavelengths for WS> 90 mm/min can be attributed to an increase in coating thickness, as 
also detected by Yuan et al. [37] in their working WS range of 48-120 mm/min for porous 
SiO2 films and by many others [24,27,29,38]. Considering Eq. (5), this red-shift behavior 
must be the results of better matching between the refractive index (nc ~ 1.17) and 
thickness of the coatings, dc [38]. The theoretical thicknesses are calculated to satisfy the 
quarter-wave condition at wavelength of maximum transmittance [9,20,38,39]. The dc 
results are given in Table 1 and the real film thicknesses measured from the SEM views are 
in good agreement with these computed dc values with a maximum difference of 9 nm. The 
similarity between computed and measured thickness values for AR coatings is also 
confirmed by Prado et al. [38], Ye et al. [20] and, Han and Kim [39]. In addition, it is 
calculated that coating thickness increases with increasing WS (> 90) according to the 
relation, dc ~ WS0.5 (R2=0.9942); in accordance with the thickness evolution of the dip-
coated films (Theoretically at high withdrawal speeds, viscous drag forces is balanced with 
gravitational force in the thickness evolution) [17,40]. On the other hand for lower WS 
(≤ 60 mm/min), the resultant coatings must be too thin and probably more amorphous 
than the thicker films obtained at WS > 60 mm/min. This might be the reason of relatively 
lower transmittance values and inconsistency in peak positions at these low speeds. The 
same trends and findings are also detected in reflectance measurements given in Fig. 5(b). 
B-SiO2 coatings significantly decrease the reflectance of glass and minimum reflectance 
values, changing from 0.3% at 90 mm/min to 0.6% at 240 mm/min, are achieved with a 
red-shift in the spectra. Hence, it is possible to obtain AR coatings having minimum 
reflectance at different wavelengths, which will be applicable to different optical end-uses. 
Effect of WS on acid-catalyzed SiO2 films was also investigated but only 1.5% gain in 
transmittance was detected maximally. 

Transmittance and reflectance values at 550 nm are drawn in Fig. 5(c) to compare the 
effectiveness of AR coatings in solar radiation spectrum, since 550 nm wavelength 
corresponds nearly to the maximum intensity of the solar radiation spectrum [34]. 
Transmittance increases with the increase in WS up to 90 mm/min, at which maximum 
transmittance of 99.8% coincides with transmittance at 550 nm wavelength. This value is 
higher than the transmittance values found in previous reports: e.g. 99% (=548 nm) 
obtained by Vincent et al. [24] at WS=85 mm/min, 99.4% (=500 nm) achieved by Prado 
et al. [38] at WS=150 mm/min, 97.5% (=500 nm) found by Mahadik et al. [36] at 
WS=80 mm/min and 98.78% (=550 nm) found by Xu et al. [34] at WS=162 mm/min. 
Although the coating parameters are too different in these studies, the coating thicknesses 
are varied between 100-110 nm. The SEM thickness of B-SiO2 coating at 90 mm/min is 
measured as 108±5 nm. Hence, the very high transmittance value attained in this work 
must be the result of proper adjustment of the required thickness (Table 1) for maximum 
transmittance at 550 nm based on quarter-wavelength rule. Additionally, the roughness of 
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the B-SiO2 coatings is negligibly small to create any scattering loss. With the increase in 
coating thickness further, WS > 90 mm/min, a nearly linear decrease in transmittance at 
550 nm is observed; and it is reduced to 92.7% at 240 mm/min, still higher than that of 
uncoated glass. Reflectance values show the mirror-image similarity with the 
transmittance data. A minimum reflectance of ~0.3% is achieved at 90 mm/min and it 
increases linearly with the increase in WS.  

Transmittance values at 550 nm are also compatible with their corresponding average 
values, calculated in the wavelength range of 400-800 nm and given in Table 1. High 
average transmittance values of 98.8-94.2% and also low average reflectance values of 1.2-
5.1% verify the effectiveness of all B-SiO2 coatings in the entire visible light range. 
Nevertheless, the films obtained by WS ≥ 150 mm/min will be more effective at longer 
wavelengths, as inferred from their higher average transmittance values than their 
transmittance values at 550 nm. Also, the significant red shift in wavelengths at maximum 
transmittance for WS ≥ 150 mm/min given in Table 1 substantiates this inference.  

Table 1 Transmittance (T) values of single-layer B-SiO2 coatings deposited at different 
withdrawal speeds 

Coating 
Name 

Withdrawal 
Speed 

(mm/min) 

Maximum 
T            

(%) 

Wavelength at 
Maximum T 

(nm) 

Film 
Thickness 

(nm) 

Average T  
at 400-800 nm 

range (%) 
Uncoated 
Glass (G) 

- - - - 91.0 

G/B-SiO2 

30 98.2 670 - 96.8 

60 98.7 610 - 98.0 

90 99.8 550 118 98.8 

120 99.5 655 140 98.1 

150 99.2 720 154 97.0 

180 99.3 790 169 95.9 

200 98.8 820 175 95.1 

240 98.5 890 190 94.2 

 

On the whole, it can be deduced that WS of 90 and also 120 mm/min seem to be the 
optimum conditions for B-SiO2 films because of their high transmittance values in terms of 
both average (98.1-98.8%) and maximum (99.5-99.8%). In terms of average, 7.8% gain at 
WS = 90 mm/min and 7.1% gain at WS = 120 mm/min shows their effectiveness in the 
whole visible light range. Furthermore, transmittance of these films is greater than 97% 
nearly in the entire visible light range and greater than 99% in the broad wavelength range 
of visible light (460-660 nm at 90 mm/min and 560-760 nm at 120 mm/min). The average 
transmittance values of 98.8-98.1% at 90-120 mm/min are greater than the average 
transmittance value of 96.6% at WS = 96mm/min in the work of Yuan et al. [37] 
corresponding to B-SiO2 films of the same RI values. 
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Fig. 5 AR performance of single-layer B-SiO2 coatings obtained by different withdrawal 
speeds: (a) transmittance spectra; (b) reflectance spectra; (c) transmittance and 

reflectance values at 550 nm wavelength 
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3.2. Development of TiO2 Coatings 

Although base-catalyzed SiO2 coatings improve the light transmittance of glass 
considerably, their durability is reported to be quite low because of their porous structure 
[31]. The connections between spherical particles within the porous film are all point-
contacts, thus leading to low durability against scratches and environmental factors 
[26,31]. Moreover, as the pores get affected by humidity, optical properties of the porous 
film will get reduced by time [25,26]. Thus, AR coatings also have to possess high durability 
besides its AR properties for their usage especially in outdoor applications (e.g. solar 
collectors). In this work, it is aimed to protect porous silica layer from the external factors 
by coating it with a TiO2 layer, which have excellent chemical and mechanical durability in 
addition to well-accepted self-cleaning and superhydrophilic features [32]. The only 
disadvantage of the TiO2 film in AR applications is its high refractive index value, nc  2.3-
2.5 [32,41], since the required condition given in Eq. (1) cannot be not satisfied. Therefore, 
at first, optimization of the dip-coating process parameters in single-layer TiO2 film 
production is performed to maximize the transmittance, before being applied to the 
multiple coatings. 

Transmittance change of TiO2 films obtained from the sols with different titanium 
concentrations is shown in Figs. 6(a) with respect to withdrawal speed (Transmittance 
spectra of TiO2 coating for WS = 90 and 120 mm/min are given in Fig. 9). TiO2 film layer 
reduces the transmittance of glass substrate remarkably below to its uncoated level. Since 
acid-catalyzed sols are used in TiO2 deposition, the final dense film must be the reason of 
low transmittance values. The same results were also found by Miao et al. [41] and they 
attributed this decline to dense and non-porous film structure of TiO2. Maximum 
transmission of light is found at WS = 60-120 mm/min range for all titanium 
concentrations but the highest at 90 mm/min. Transmittance tends to diminish with 
further increase in WS (i.e. coating thickness), because of the higher light absorption 
capacity of the thicker films. An increase in titanium concentration also causes an increase 
in film thickness [42], so, a further fall in the transmittance of films is detected for 
[Ti] = 0.2 M sols. Maximum transmittance of 87.4% is achieved at 0.1 M titanium 
concentration corresponding to a film thickness of 28±4 nm, while it falls to 80.1% at 0.2 M 
case and even up to 70% at 0.3 M (data not shown here). Parado et al. [38] found 
transmittance of 41 nm thick dense titania films (WS=150 mm/min) as 79% at 550 nm, by 
using nearly the same sol composition of [Ti]=0.2 M. Higher titanium concentration of 
0.9 M was studied by Touam et al. [43] for three different WS of 10, 20 and 30 mm/min. 
They obtained only a slight increase with the increase in WS, but transmittance at 
=550 nm is measured as ~68% for these thick (80-123 nm) titania films. Mohallem et al. 
[44] investigated the optical transmittance of TiO2 films for low withdrawal speeds of 12-
90 mm/min. The thickness of their films were changed from 40 to 800 nm, depending on 
the WS, but none of their film achieved to reach over the transmittance of glass (~78% at 
=550 nm for 40 nm thick TiO2 films). The results of this work are in good agreement with 
the previous findings, and transmittance enhancement up to 87.4% is attained by 
decreasing titanium concentration to 0.1 M and WS to 90 mm/min. 

The effect of dwell time at constant WS (120 mm/min) is also investigated, as shown in 
Fig. 6(b). The substrates are immersed in the sol and allowed for different durations to be 
completely wetted by the sols before taken out. Extending dwell time does not give much 
change to the final transmittance of the TiO2 coatings. However, it is selected as 10 min to 
ensure that glass surface is uniformly wetted by the sol all over the entire surface. 
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Fig. 6 Transmittance values at 550 nm wavelength of single-layer TiO2 coatings obtained 
by different (a) withdrawal speeds, and (b) dwell time 

 

  

(a) (b) 

  

(c) (d) 

Fig. 7 SEM (a,b) and AFM (c,d) analysis of TiO2 coatings (WS=120 mm/min): (a) Top view 
SEM image (inset: cross-sectional view), (b) EDS result, (c) 3D AFM images, (d) AFM 
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SEM view of the TiO2 coatings, obtained from the sol having 0.1 M titanium concentration, 
is given in Fig. 7(a). The SEM image verifies a dense, smooth and non-porous film formation 
over the glass surface. The cross-sectional view of the coatings, represented in Fig. 7(a) as 
an inset, points out a very thin continuous TiO2 film formation. The thickness of the film is 
measured as 34±4 nm for WS=120 mm/min. EDS measurement given in Fig. 7(b) 
demonstrates the titanium and oxygen existence in the coatings. Since TiO2 film is too thin, 
additional peaks (like Si, Na) coming from the glass surface are also detected. FTIR spectra 
of TiO2 coatings show the only peaks belonging to the glass substrate, since the 
characteristic Ti−O bond at around 500-600 cm-1 wavelength range is out of the 
measurement range (650-4000 cm-1) of the ATR-FTIR (used for film samples) instrument. 
X-ray diffraction measurements of TiO2 films are also conducted; however, no peaks could 
be detected in the XRD pattern. The absence of peaks must be the result of amorphous 
structure of TiO2 films. The similar phenomena are also observed in the XRD analysis of 
the SiO2 films. Touam et al. [43] for TiO2 films and also Mahadik et al. [36] for SiO2 films 
could not be detected any peaks in their XRD analysis. They attributed the absence of peaks 
to the amorphous nature of the resultant films. 

AFM results confirm the SEM observations. 3D AFM image presented in Fig. 7(c) shows 
that the surface of the coating is very smooth and covered by tiny particles. The Rq 
roughness of the film is only 0.24 nm, even smaller than the dense A-SiO2 films, probably 
due to high acid concentration of titanium sols. A representative line scan of this surface is 
illustrated in Fig. 7(d). The height profile fluctuations of the coatings changes only within 
the ±0.5 nm range (Fig. 2(c)), verifying the smoothness of the surface. As the details are 
given in Section 3.1.1, acid-catalyzed reactions lead to the growth of linearly or randomly 
branched polymeric particle chains with fast hydrolysis and slow condensation [31,43]. 
Therefore, the resultant film has a dense structure. These results are in good agreement 
with several works reported in the literature [20,31,42-44]. 

3.3. Development of Double-Layer Coatings 

Double-layer AR coatings, SiO2/TiO2, are produced by coating the antireflective B-SiO2 
layer with TiO2 layer. The thickness of outer TiO2 layer is altered by depositing from sols 
with different titanium concentrations (0.1 M or 0.2 M). Transmittance change of the 
resultant double-layer coatings at 550 nm wavelength are drawn in Fig. 8 together with 
their corresponding single-layer coatings. When porous B-SiO2 film is coated with 34±4 nm 
thick TiO2 films, corresponding to 0.1 M titanium sol concentration, transmittance of the 
resultant stack falls in between to that of single-layer B-SiO2 and single-layer TiO2 (0.1 M). 
Although transmittance of B-SiO2/TiO2 (0.1 M) double-layer coatings falls short of the 
single-layer B-SiO2 coatings (from 98.9% to 96.3%), B-SiO2/TiO2 (0.1 M) system improves 
the transmittance of glass considerably, ~5% gain. When the thickness of TiO2 layer is 
increased to 49±3 nm in B-SiO2/TiO2 system by using 0.2 M titanium concentration, 
transmittance decreases further to 85.8%, which is quite below than that of uncoated glass 
(91.2%). Lari et al. [45] observed a decline in transmittance of glass to ~89.8% at 550-
630 nm range, by coating with SiO2/porous-TiO2 double-layer system (WS=25 mm/min) 
having nearly the same thickness of layers, 150 nm/30 nm, of this work. Miao et al. [41] 
attained 3.4% gain in transmittance in 400-800 nm range using a porous TiO2 outer layer 
in their porous-SiO2/porous-TiO2 (48.6 nm/22.5 nm) system. Kesmez et al. [42] also 
produced SiO2/TiO2 coatings with 4-5% gain in transmittance of glass. Hence, ~5% 
achievement with a dense TiO2 film can be considered as a good result when compared to 
previous SiO2/TiO2 studies even possessing an outer porous TiO2 layer. This high gain must 
be the results of using a very thin TiO2 layer above the porous SiO2 layer having very high 
transmittance [41]. Kesmez et al. [42] emphasized that TiO2 thickness should be kept as 
low as possible by decreasing the Ti concentration in order to preserve the AR properties 
of SiO2 layer. Furthermore, the results of Ramirez-Garcia et al. [46] showed that outer TiO2 
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layer of very small thickness (20-50 nm) still gives improved abrasion resistance and 
lower transmission haze to the resultant SiO2/TiO2 bilayers. If dense A-SiO2 film is used in 
the double-layer system, transmittance of the resultant stack falls to 87.1% by coating with 
0.1 M TiO2 layer and further to 77.1% by coating with 0.2 M TiO2 layer. It can be deduced 
that, no any improvement in transmittance of glass could be obtained with A-SiO2/TiO2 
double-layer system when nonporous, dense structures are used in both layers. Thus, the 
introduction of nano pores into the structure seems to be a requisite for higher optical 
properties. 

 

Fig. 8 Transmittance values at 550 nm wavelength of single- and double-layer coatings, 
obtained by using base-catalyzed SiO2 film as the inner layer (WS=120 mm/min; the 

values in parenthesis denote the titanium concentration in TiO2 sols) 

Thickness of each layer in the B-SiO2/TiO2 (0.1M) system is varied by differentiating the 
withdrawal speeds to investigate any further improvement in transmittance. The results 
at 550 nm wavelength are given in Table 2. When B-SiO2 layer is deposited at WS of 
90 mm/min (dc  108±5 nm), as in 90/90 (T=94.3%) and 90/120 (T=93.9%) coatings, 
transmittance nearly remains constant with the change in TiO2 film thickness. The single-
layer thicknesses of TiO2 films are 28±4 nm and 34±4 nm for WS = 90 and 120 mm/min, 
respectively. Nonetheless, when B-SiO2 layer is coated at 120 mm/min speed 
(dc  140±4 nm), highest transmittance of 96.3% is achieved if TiO2 layer is also coated as 
thick with 120 mm/min. Another point of view is that, if the outer TiO2 layer is applied as 
thick (as in 90/120 and 120/120 coatings), the inner B-SiO2 layer must be thick also, and 
vice versa. These results imply that the light waves reflected from the interfaces of the 
layers interfere destructively mainly in the 120/120 coatings, that is, by the thicknesses of 
layers obtained at WS=120 mm/min. The thickness of each layer in 120/120 double-layer 
system is measured using the cross-sectional SEM views, and are found as ~138 nm and 
~37 nm for B-SiO2 and TiO2 layers, respectively. The results are compatible with the single-
layer thickness measurements. In addition, the existence of silicon and titanium atoms in 
the double-layer coatings is confirmed with EDX analysis, performed at the same time with 
SEM measurements.  

The AR performance of the B-SiO2/TiO2 double-layer coatings in the whole visible light 
range (400–800 nm) is evaluated with the transmittance spectra given in Fig. 9, with their 
corresponding single-layer coatings for comparison. Transmittance of single-layer dense 
TiO2 coatings is significantly lower than that of uncoated glass in the entire range. 
However, the inclusion of an inner B-SiO2 layer beneath the TiO2 coatings results in highly 
effective double-layer coatings. Although their transmittance is not as high as that of 
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single-layer B-SiO2 films, AR characteristics of the inner SiO2 layer are still preserved. B-
SiO2/TiO2 coated glass, of each layer deposited at 120mm/min, transmits light higher than 
the uncoated glass in the whole measurement range. Moreover, transmittance ≥96% is 
achieved for wavelengths >530 nm and 98% transmittance is obtained maximally at 
 = 750 nm. When the WS of TiO2 film is decreased to 90 mm/min, transmittance of 
120/90 coatings reaches over to that of uncoated glass after  > 450 nm but is still lower 
than that of 120/120 coatings for all wavelengths. The same phenomena are also observed 
in 90/90 and 90/120 coatings if thinner B-SiO2 films of 90 mm/min is used.  

Table 2 Transmittance (T) values of single- and double-layer coatings deposited at 
different withdrawal speeds 

Coating Name 
Withdrawal Speed, 

(mm/min) 
T at 550 nm, 

(%) 

Average T at 
400-800 nm 
range, (%) B-SiO2 Layer TiO2 Layer 

G (Uncoated Glass) - - 91.2 91.0 

G/SiO2/TiO2 (90/90) 90 90 94.3 94.4 

G/SiO2/TiO2 (90/120) 90 120 93.9 94.1 

G/SiO2/TiO2 (120/90) 120 90 93.8 94.1 

G/SiO2/TiO2 (120/120) 120 120 96.3 96.2 

 

The average transmittance of coatings at 400–800 nm wavelength range is also calculated 
and given in Table 2. Average values are in consistency with the values at 550 nm. Table 2 
points out that, all double layer coatings bring about an average of 3-5% gain in 
transmittance to glass slides in the whole visible range. Moreover, in the broad range of 
wavelength from ~500 to 800 nm, an average gain of 6% (or T ≥ 97.2%) and 7% gain 
maximally is achieved with the 120/120 coatings, while an average gain of 4% (or 
T ≥ 95.1%), with all other double-layer coatings. In addition to solar applications [3], 
transmittance improvement in this wavelength range is also important in the development 
of high power laser systems [26]. 

 

Fig. 9 Transmittance spectra of single- and double-layer coatings (values in parenthesis 
are the WS of each layer)  
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4. Conclusion 

Single- and double-layer antireflective coatings are developed using sol-gel and dip coating 
methods to function in the whole visible light range of 400-800 nm. SiO2 is used as the AR 
layer and TiO2 is selected to perform as a protective coating. At first, the optimized 
conditions in the deposition of single-layer films are determined; then, double-layer 
coatings of SiO2/TiO2 are developed by taking these optimized conditions into account to 
achieve a high transmittance. 

Effect of catalyst type of silica sols (for the porosity change), and also withdrawal speed 
(for the thickness change) are investigated in the deposition of single-layer SiO2 films. It is 
found that, base catalysts gives rise to the formation of a porous B-SiO2 film, so leading to 
a decrease in the refractive index value up to ~1.17. Hence, an average of 7-8% gain in 
transmittance in 400-800 nm range is achieved with B-SiO2 films when compared to 
uncoated glass. The results also show that the maximum transmittance of 99.8-99.0% at 
550 nm is achieved at 90-120 mm/min speeds corresponding to a coating thickness of 
~110-140 nm. Moreover, B-SiO2 coatings with maximum transmittance working at 
different wavelengths can be achieved by increasing coating thicknesses further. On the 
other hand, acid-catalyzed A-SiO2 coatings have dense structures, resulting in a slight 
increase in transmittance (only 1-2% gain).  

AR coatings have to possess high durability besides their AR properties for the usage in 
outdoor applications. For this reason, double-layer AR coatings are prepared by covering 
inner B-SiO2 layer with an outer TiO2 film, since the excellent chemical and mechanical 
durability of TiO2 is well-accepted in the literature. The inclusion of a nonporous and high 
RI TiO2 coating leads to a decrease in transmittance, compared to single-layer B-SiO2 
coatings. However, adjustment of thickness of each layer (to create destructive 
interference) and the usage of porous SiO2 film as the inner layer, allow SiO2/TiO2 coatings 
to transmit light higher than the uncoated glass. 5-6% achievement in transmittance of 
glass, in the whole visible range of 400-800 nm, shows that these coatings can be used in 
solar energy systems such as glass covers of solar collectors and photovoltaic panels; and 
also be used in the development of high power laser systems. In addition, these AR coatings 
can be applied to the all type of transparent surfaces since this production method do not 
require high temperatures. This work only focuses on the optical properties of double-
layer coatings, their durability is under investigation.  
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 The aim of this study is to investigate the effect of mechanical milling and hot 
pressing process parameters on the density and strength of Al-10%B4Cp 
composites. For this research, powder mixtures consisting of Al matrix and B4C 
reinforcement particles were prepared by mechanical milling. Powder mixtures 
were milled for different times (5, 10, 15 and 20 hours) in a high energy 
planetary ball mill. In the milling vials, 10wt% B4C particle reinforcements were 
added to aluminum matrix powders. Average particle size of B4C and Al powders 
were 77μm and 63μm respectively. Powder mixtures were compacted as 
cylindrical samples by uniaxial hot pressing at 30 MPa. Specimens were hot 
pressed in nitrogen atmosphere at temperatures of 500-550-600 °C for 15-30-
45 minutes. Effects of milling and hot pressing variables on microstructure and 
mechanical properties were investigated by means of density and hardness 
measurements and compression tests. Microstructures of powders and 
compacts were investigated by microscopy techniques. Density measurements 
showed that compressibility of powders decreased with increasing milling 
times. Density, hardness and compressive yield strength values were increased 
with increasing hot pressing temperature and durations.  
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Keywords:  
 
Powder metallurgy; 
Metal matrix 
composites; 
Mechanical milling; 
Mechanical 
characterization  

 

1. Introduction 

In recent years, the importance of aluminum based composites have increased in terms of 
manufacturing structural components over ferrous materials in transportation industries 
on account of unique properties including, low density, excellent mechanical properties 
and high wear resistance[1]. Aluminum MMC materials serves excellent properties 
compared to monolithic materials hence, they have been applied in different industries for 
high performance, economical benefit and environmental concerns. Lower carbon 
emission, less noise and lower fuel consumption are the utmost advantages of aluminum 
MMC in traffic engineering that environmental regulations and fuel economy concerns 
increases use of aluminum MMC in transportation industries[2]. Aluminum has several 
advantages including low density (2,71 g/cm3), excellent corrosion resistance, high 
toughness, high conductivity and low   manufacturing cost that make aluminum one of the 
most appropriate matrix material[3, 4]. Therefore, there are many published studies on 
aluminum matrix composites with various reinforcement materials including alumina 
Al2O3)[5, 6], silicon carbide(SiC)[7], magnesium oxide(MgO)[8, 9], carbon nano 
tube(CNT)[10] and boron carbide (B4C)[11, 12]. Relatively high hardness (9.5+ in Mohs 
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scale), elevated wear and impact resistance, high melting temperature and low density 
(2.52 g/cm3) are the outstanding features of boron carbide (B4C) which make B4C a 
potential reinforcement for MMC applications[13, 14]. Showordi et al., compared three 
aluminum metal matrix composites containing reinforcing particles of B4C, SiC and Al2O3 

and showed that B4C exhibited better interfacial bonding than the others[15]. Pul, have 
also made a comparative study on aluminum matrix composite with SiC, B4C and mixture 
of SiC and B4C. It is reported that 20% wt. B4C samples displayed highest wear 
resistance[16]. B4C reinforced composites are being used in many applications including 
computer hard disk substrate, armor plate materials and structural neutron absorber an 
account of its superior properties[17]. 

It has been revealed by researchers that mechanical performance of Al matrix with B4C 
reinforced composites were affected by many parameters. Raj and Thakur investigated the 
effect of particle size and volume fracture of B4C particle on microstructural and tensile 
properties of aluminum matrix composite. They have reported that both volume fracture 
and particle size have influences on activation of different strengthening mechanisms[18]. 
Karakoç et al., showed that increasing volume fraction of B4C particle reinforcement in the 
range of 0-20%  improved the hardness, transverse rupture strength and tensile strength, 
on the other hand impact toughness was decreased[19]. Behm et al., have observed 
improved plasticity with both nano (40 nm) and submicron (500 nm) particle sized B4C 
reinforcement over micron sized counterparts at the cost of reduced yield strength[20]. 
However, accumulation tendency of nano particle reinforcement due to robust Van der 
Waals forces between the particles must be considered[21]. Production method is also 
another parameter which yields different results in terms of mechanical and 
microstructural properties. Al/B4C composites have been produced through a number of 
production technique such as stir casting[22], centrifugal casting[23] powder 
metallurgy[24], microwave sintering [25], spark plasma sintering[26], and shock 
compaction[27]. 

Liquid state methods and solid state methods are two main group of production route of 
metal matrix composites. Reaction between liquid aluminum and B4C generate 
undesirable reaction product including Al3BC, AlB24C4 (AlB10), Al8B4C7, Al3B48C2 (b-AlB12), 
AlB2, AlB12C2, AlB48C2, Al4 C3 and a-Alb12.7[28]. Powder metallurgy (PM) is a solid state 
processing technique which have several advantages over liquid state methods such as 
uniform distribution of reinforcement, precision forming and prevention from undesirable 
chemical reactions[29, 30]. Oxide layer on the surface of aluminum powders is a concern 
which must be taken into account in PM of aluminum matrix composites due to the fact 
that it behaves as a diffusion barrier during sintering and inhibit inter-particle 
diffusion[31]. One of the main methods to eliminate the unfavorable effect of the oxide 
layer is to apply high compaction pressure which breaks layers and promote metal-metal 
contact. The other methods are  employing oxide reduction additives including Mg, Zn and 
Si and liquid phase sintering[32]. Mechanical milling (MM) is a PM technique which can 
overcome this problem by fracturing detrimental oxide layer on the surface of aluminum 
powders for sintering [33]. Uniform distribution of reinforcement particles into the metal 
matrix, which is critical issue in PM to reach high performance, can be accomplished by 
MM[34]. Meignanamoorthy and Ravichandran synthesized AA8079 aluminum matrix 
composites contain various weight percentages (0, 5, 10 and 15) of B4C through 
mechanical milling and powder metallurgy route. They have demonstrated that 
reinforcement phases were homogenously distributed in the matrix powder without 
agglomeration subsequent to milling operation[35]. Carreño-Gallardo et al., fabricated 
2024 aluminum alloy matrixed B4C reinforced composite via mechanical milling followed 
by cold compaction, sintering and T6 heat treatment. They have showed homogenously 
dispersion of B4C particles by SEM images and attributed high microhardness and 
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compression yield strength values to distribution of the reinforcements[36]. Furthermore, 
MM refines grain size of matrix material occurs by severe plastic deformation due to 
collusion of milling balls during the process that increases mechanical properties of 
composite materials[37]. Khakbiz and Akhlaghi, obtained 57 nm crystal size by carrying 
out 16 hours mechanical milling to Al 6061/B4C composite powders[38]. Alizadeh et al., 
also reported nanocrystalline aluminum matrix reinforced with B4C by mechanical milling 
and they have reached extremely high strength (1.1 GPa)[39]. 

Porosity is also a critical issue in PM technology which must be taken into account and 
reduced as low as possible in order to obtain good mechanical properties[40]. Porosity is 
a critical issue for mechanically milled powders especially by virtue of decreasing 
compressibility of powders during MM process. It is well known that powders undergo 
severe plastic deformation during MM which increases hardness of powder particles[41]. 
Karasoglu et al., reported low bulk densities for longer milling durations and they have 
attributed poor density results to decreased compressibility of milled powder due to 
excessive work hardening [42].  

Hot pressing is a powder consolidation technique which makes possible achieving nearly 
full density in a wide range of materials by applying powder pressing and sintering at the 
same time during consolidation. This method is convenient for consolidation of material 
with poor sintering characteristic[43]. Mohammad Sharifi et al., consolidated nano particle 
B4C incorporated nanocrystalline aluminum powders by hot press technique under 300 
MPa at 450 °C for 30 min., subsequent to mechanical milling. The relative density value of 
the hot pressed samples was measured to be about 98%[44]. Zhang et al., have also 
achieved nearly full dense Al/B4C composite samples (>98.5%) via vacuum hot 
pressing[45].  

In this study, boron carbide reinforced aluminum matrix composite fabricated by MM and 
hot pressing processes and influences of milling time and hot press parameters including, 
temperature, time and pressure were investigated. 

2. Experimental Procedure 

Pure aluminum powder with an average particle size of 63 μm was selected as matrix 
material and 10 wt0% B4C with an average particle size of 77 μm opted as reinforcement. 
Mixture of matrix and reinforcement powders was blended in a tubular mixer for 2h. Prior 
to blending, 2 wt.% zinc stearate was added to the powder mixture as a process control 
agent (PCA) in order to reduce cold welding propensity of ductile aluminum powders 
during MM process. After blending, MM was performed in a planetary ball milling machine 
for durations of 5, 10, 15 and 20 hours under argon atmosphere. Ball to powder weight 
ratio and milling speed were adjusted to 10:1 and 200 rpm, respectively.  

Subsequent to milling, powders were consolidated through hot press sintering route. In 
order to determine optimum sintering parameters, sintering temperature and time were 
set at 500-550-600 °C and 15-30-45 min., respectively. All sintering processes were carried 
out in a graphite mold at 30 MPa uniaxial sintering pressure. Density of the sintered 
samples was measured geometrically. Morphology of powders and microstructures of bulk 
samples were investigated with an optical microscope (OM) and a scanning electron 
microscope (SEM). Hardness of sintered samples was measured under a test load of 500 gf 
by using a Vickers indenter. Compression tests were performed at a strain rate of 0.05 
mm/min. 
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3. Results 

3.1. Microscopy  

Microstructural examination of milled powders obtained by a microscopy analysis is given 
in Figure 1. A predominantly flake-like morphology is observed in all milled powders (5-
20h). Complete transformation from flake-like to equiaxial particle morphology could not 
be obtained even after 20 hours of milling time. The thickness of flakes decreased with 
increasing milling time (See also Fig.3). Rather than fracture, deformation and cold welding 
seem to be the dominant mechanisms. Very ductile nature of pure aluminum matrix, 
insufficient PCA, or relatively low milling speed (200 rpm) might be the reasons for the 
morphology of milled powders. 

It has also been observed that various reinforcing particles are embedded in the soft matrix 
particles (Fig.2), which is one of the major aims of the MM process of ductile-brittle 
systems. However, steady state with equiaxial particles containing homogenous 
distribution of refined embedded reinforcement particles could not be obtained. 

 

Fig. 1 Morphology of samples a) un-milled, b) 5h milled, c)10h milled, d)15h 
milled, e) 20h milled 
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Fig. 2 B4C reinforcement particles embedded in Al matrix powder 

Optical micrographs of some hot pressed samples are given in Figure 3. A predominance 
of deformed flake-like particles is seen in milled samples. It is also seen that; the average 
particle size of the reinforcing particles decreases with increasing milling time. At the same 
time the refined particles are more homogeneously distributed in the matrix. 

 

Fig. 3 a) reference sample b) 5h milled, sintered at 500 °C and 45 min c) 20h 
milled, sintered at 600 °C and 45 min. 

3.2 Porosity 

Figure 4 shows porosity levels of hot pressed samples. It indicates that mechanically milled 
samples have higher porosity levels than un-milled reference samples. This is because the 
hardness of milled powders is higher than as-received powders due to severe plastic 
deformation. Predominantly flake-like structure of the milled powders is another reason 
for low compressibility. Dispersion strengthening effect of reinforcing B4C particles, which 
were refined and embedded into Al matrix, also makes the compressibility of the milled 
powders difficult.  
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Thus, milled powders have less compressibility which can be attributed to high porosity 
levels of sintered samples. Furthermore, porosity results depicted that increasing milling 
time decreased densities. Therefore, it was argued that reduced compressibility due to 
enhanced deformation hardening in the particles with increased milling times, may have 
adversely affected the consolidation rate, thus leading to relatively low densities after 
sintering. 

 

Fig. 4 Porosity of hot pressed samples 

It can be concluded from Figure 4 that increasing hot pressing temperature led to 
formation of denser structure as a result of higher diffusion rates. Thus, the sintering 
temperature plays a major role as an important parameter in sintering process. Equation 
(1) explains this phenomenon[46] ; 

 𝐷 = 𝐷0𝑒𝑥𝑝 (
−𝑄

𝑅𝑇
)                                                                                                                             (1) 

where D is the diffusion coefficient, D0 is constant, Q is the activation energy, R is 
Boltzman’s constant and T is the temperature. As expected, the relative density also 
increased with the sintering time prolonged which is expressed in equation 2[46]; 

      𝑟 = 2.4√𝐷𝑡                                                                                                                                               (2) 

where r is radial distance, D is the diffusion coefficient and t is the sintering time. It appears 
that the lower sintering time did not allow for the formation of adequate inter-particle 
bonds required to consolidate the parts. 

3.3 Compression and Hardness Tests 

Compressive yield strength (CYS) and hardness values of hot pressed samples are 
demonstrated in Figure 5 and Figure 6 respectively. As seen in the figures, hardness and 
compressive strength values are very compatible with each other. It can obviously be seen 
that mechanically milled samples have higher CYS and hardness values compared to 
samples produced with as-received powders. 
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Fig. 5 Compressive yield strength of hot pressed samples 

 

Fig. 6 Hardness of hot pressed samples 

Higher CYS and hardness values can be attributed to finer grain size of the aluminum 
matrix of milled samples. It is well known that MM operation begets to grain refinement of 
metals by severe plastic deformation [14]. It can be seen from the microstructure of the 
samples that (Figure 3) while MM’ed samples have morphologically flattened matrix 
particles indicating heavily deformation, matrix particles of reference samples are 
equiaxed and free of deformation. Although milled samples have lower densities, grain 
refinement of matrix material and dispersion of finer reinforcement effects compensate 
the loss of density in terms of CYS and hardness. The relation between matrix grain size 
and the increase in strength can be explained by the Hall-Petch equation which is given 
by[47]; 

 𝜎𝑦 = 𝜎0 + 𝑘𝑑−
1

2                                                                                                                         (3) 
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where σ0 is the friction stress, k is a constant of yielding and d is the average grain size of 
the matrix. In Figure 3., finer reinforcement particles in MM’ed samples can be seen clearly. 
Particle size of reinforcement have pronounced effect on mechanical properties of 
composites. It is reported that reducing the particle size of reinforcement, greatly improves 
the strength of material[48]. 

Another significant factor affecting physical and mechanical properties of composite is 
distribution of reinforcement particles in the matrix phase. Mechanical milling is a process 
producing uniform dispersion of reinforcement particles in the matrix by repeated 
welding–fracturing–welding of a mixture of powder particles[49]. More uniform 
distribution of reinforcement particles of milled samples can be seen in Figure 3-c 
obviously, which may contribute higher CYS and hardness despite of low densities. 
Strength values were increased with increasing hot press temperature and time which is 
consistent with density results. High densities on account of higher diffusion rates 
explained above, may have led to stronger interfacial bonding and resulted higher CYS 
levels. It is well known that if the interfacial bonding between the matrix and second phase 
is strong, the load transfer mechanism becomes active. Enhancement in yield strength by 
load transfer based on the modified shear lag model is expressed as[50]; 

∆𝜎𝑦 =
1

2
. 𝑓. 𝜎𝑚                 (4) 

where f is the volume fraction of the reinforcement and σm is the yield strength of the 
matrix. 

In Figure 7, it can be seen that bright white colored second phase particles appeared in 
milled sample. These particles may be iron particles which could be formed from wearing 
of steel vial and balls during mechanical milling operation. These particles may have also 
behaved as reinforcements and led to an improvement in strength and hardness of the 
material.  

 

Fig. 7 SEM images of a) reference sample b) 20h milled, sintered at 600 °C and 45 
min. 

Although mechanical milling has a prominent effect on CYS and hardness, influence of 
milling time is not certain. Results did not follow expectation of increasing strength with 
increasing milling time. Instead, a fluctuation appeared in compression test measurement. 
This situation may be related to densities. 

4. Conclusion 

The influence of the milling time, sintering temperature and sintering time on the 
mechanical properties of the Al matrix B4C reinforced composites produced through 
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mechanical milling and hot pressing route was investigated. The major findings of this 
study can be summarized as follows. 

• A predominance of deformed flake-like particles was observed even in 20 h milled 
samples. Rather than fracture, deformation and cold welding were dominant 
mechanisms in mechanical milling processes.  

• Strengthening of powders by work hardening, grain boundary hardening and 
dispersion hardening during mechanical milling decreased their compressibility. 
Porosity level of samples increased with increasing mechanical milling time. 

• Density is one of the most important factors determining strength of the samples. 
High hardness and compressive yield strength require high density. 

• Increasing sintering time and temperature increased the density of the samples 
which increased the compressive yield strength and hardness values. 

• Despite their lower density, higher strength values were observed in the milled 
samples than in the un-milled samples. Much higher strength values can be 
achieved if higher densities can be obtained in milled powders. Since the pressure 
that can be applied in the graphite hot pressing molds is limited, a cold 
prepressing operation can be performed in the metal molds to increase the 
density. 
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 The wear behaviour of the wood and knot of pine timber is evaluated at ambient 
conditions. The experiment is carried out under dry sliding conditions using a 
pin-on-disc apparatus. Wear testing parameters are chosen as 20N load, sliding 
velocity of 0.64 ms-1 and sliding distance ranging from 200m-4500m. The worn 
surfaces are characterized by optical microscope and scanning electron 
microscopy. Hardness of wood and knot samples is measured in Durometer 
hardness tester, tensile testing by an Instron testing machine and density of the 
samples is calculate from the data of volume and weight. The results of the wear 
test reveal that the knot shows the better wear properties due to higher strength 
and density. SEM study of the knot and wood disclose that the knot contents 
compact cell wall than that of wood.  
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1. Introduction 

A knot is a particular type of imperfection in a piece of wood. It affects the physical and 
mechanical properties as increase the compression strength, hardness, and shear 
characteristics of the wood and decrease the tensile and bending strength. It causes uneven 
wear on the surfaces, give trouble because of the checking with moisture changes, make 
difficulty in painting and increase for cutting forces [1-4]. In a longitudinally sawn plank, a 
knot will appear as a roughly circular "solid" piece of wood around which the grain of the 
rest of the wood "flows". Within a knot, the direction of the wood grain is up to 90 degrees 
different from the grain direction of the regular wood. Pine is an inexpensive, lightweight 
wood that can be yellowish or whitish with brown knots [5, 6].  

The strength of wood depends on its density. Whet the density increases the strength also 
increase.  When evaluating the density of wood, the level of moisture in which its mass and 
volume were measured must always be known. Usually the density of wood is specified as 
dry air density [7, 8]. The strength of the wood is basically affected by the direction in 
which it is loaded in relation to the grain. Knots are portions of branches that become 
included into the tree trunk during growth and influence the strength properties of a piece 
wood. Knots decrease the strength of wood mainly because of interrupting the direction of 
grain, localized steep slope of grain concentrates around knots. As the proportion of knot 
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on the cross section increases, density increases. Shrinkage values are not deferent 
especially in the specimens containing small knots [9-11]. 

Development of composite material specifically reinforced plastic composites has made a 
significant contribution since last few decades. However natural fiber reinforced 
composite has carved an important place made out of waste of organic materials. In this 
context composites prepared out of wood waste such as saw dust has been considered to 
replace artificial fiber reinforced composites owing to its ecofriendly nature and 
reasonably sound mechanical properties [12, 13]. So the frictional properties of wood may 
be an important factor in these regards. 

The mechanical properties of clear wood are well known while for defects such as knots 
they are relatively unknown. The aim of this study is to understand the wear as well as the 
physical and mechanical properties of individually wood and knot of pine timber. 

2. Experimental Details  

The frictional and wear behaviors of the wood and knot were investigated in a pin-on disc 
type wear apparatus by following ASTM Standard G99-05. The samples of 12 mm length 
and 5 mm diameter were obtained from the wood and knot of pine timber for this study. 
Mild steel discs were used as the counter-body material. One of the surfaces of the disc was 
grinded by surface grinding machine and cleaned with cotton. The hardness and surface 
roughness of the mild steel discs was RC 50 and 0.31 µm respectively. During the wear 
tests, the end surfaces of the pin samples were pressed against horizontal rotating mild 
steel disc. Load of 20N was used throughout the test, which yielded nominal contact 
pressures of 1.0MPa. The tests were conducted at the sliding speed of 0.64 ms-1 with 
varying sliding distances ranging from 200m-4500m. All the tests were carried out in 
ambient air (humidity 70%) under dry sliding condition. The experimental photograph of 
setup is shown in Fig. 1.  At least three tests were done for each type of material. The sliding 
distances were calculated by knowing the track diameter and speed of rotation of the disc. 
Volume loss was calculated from average values of weight-loss measurements. Wear rate 
and co-efficient of friction were determined with the help of following equations [14, 15]: 

 

WR =
∆V

SD×L
                                     (1) 

 

µ =
FF

L
        (2) 

 
  

Where (WR) is the wear rate of the sample, (ΔV) is the volume loss by sample after each 
wear test, (SD) is the sliding distance, L is the load applied on sample, µ is the friction co-
efficient of the sample and FF is the friction factor of the sample.  

Hardness of wood and knot samples was measured in Durometer Hardness tester. An 
average of ten concordant readings was taken as the representative hardness of a sample. 
Tensile testing was carried out in an Instron testing machine, using cross head speed to 
maintain the strain rate of 10-3/s. The samples used were according to ASTM specification. 
Tensile test was determined using five test pieces for each test. Density of the wooden 
sample at various states was calculated from the data of volume and weight. 
Microstructural observation of the worn specimens was done by using USB digital 
microscope and some selected photomicrographs were taken. The SEM investigation was 
conducted by using a JEOL scanning electron microscope.  
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Fig. 1 Experimental pine wood a) top view, b) front view, c) wear sample of wood and 
knot, d) MS counter disk and e) wear testing machine 

3. Results and Discussion 

3.1. Physical and Mechanical Properties 

Fig. 2 shows the density, hardness, ultimate tensile strength and elongation of wood and 
knot of pine timber. The knot shows the higher hardness as well as the tensile strength due 
to higher compactness of cells present in to the knot. The minimum variation of elongation 
may be due to the higher bound water into the cell at hand in the knot. Knot itself is 
different in density usually higher. Its grain orientation is more or less perpendicular to 
the surrounding wood. So shrinkage is greater across the knot than the surrounding wood 
[16]. Wood is a heterogeneous, hygroscopic, cellular and anisotropic material. It is 
composed of cells and the cell walls are composed of micro-fibrils of cellulose and 
hemicelluloses’ impregnated with lignin. The density of wood is an important property to 
consider since the stiffness, strength and shrinkage properties are all dependent on the 
density. Lignin and hemicelluloses are material constituents of wood that absorb water 
and swell, which affects the volume and the weight of a wood sample [17]. 
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Fig. 2 Experimental result of physical and mechanical properties of the wood and knot of 
pine timber 

3.2. Wear Behavior 

Fig. 3 shows the volume loss of pine wood and knot as a function of sliding distance at 
normal load of 20N and sliding speed of 0.64 ms-1. It is generally known that with 
increasing sliding distance, the volume loss increases due to more intimate contact time 
between the contact surfaces of the specimen with the rotating disc. However, less volume 
loss was observed in case of the knot compared to the wood at higher sliding distance. With 
increase in sliding distance causes a rise in interface temperature results in thermal 
softening of the material causing removal of the thin metal layer from the surface. The 
continuous fracture of thin layer leads to higher volume loss [18-20].  

Fig. 4 presents the wear rate vs. sliding distance plot for wood and knot of pine timber. It 
can be observed that wear rate increased at a steep rate initially for wood and knot and 
after a certain point onwards attained a constant value for wood and the decreases trend 
for the knot. Initially maximum wear rate was observed because abrasive mild steel was 
fresh. With consecutive runs wear rate decreased gradually because the abrasive grits 
become smooth and less effective. The wear debris filled the space between the abrasives, 
which reduced the depth of penetration in the sample. As a tree grows and increases the 
circumference of its trunk, the growing trunk begins to overtake the branches that grow 
out from it. Knots form around these branches, building up trunk material as the tree 
continues to expand. Since the branches are still growing as they are overtaken by the 
trunk, the knot that forms is solid and contains living wood throughout. The wood of the 
knot is typically tougher than the surrounding wood and may form a bulge around the 
branch emerging from its centre. That is why the wear rate of the knot is minimum than 
that of wood.  

The relationships between the coefficient of friction and the sliding distance for the wood 
and knot on the mild steel counter body is shown in Fig. 5. These differences in the 
coefficient of friction are considered to be due to both adhesion and deformation 
components of friction between wood and counter face material. The frictional force is 
higher for knot sample than that of wood sample. The reason could be due to the presence 
of fine grain structure in the knot sample and the coarse grain structure in the wood 
sample. The fine grains have greater surface area per unit volume than the large and 
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irregular grains. The higher bound water increases the moister content of the knot. It is 
also another reason for higher coefficient of friction [21]. The coefficient of friction 
decreased linearly with sliding distance. Interface temperature increases with increment 
in sliding distance that may promote the surface oxidation and reduce the direct contact 
hence there is slight decline in frictional coefficient [22]. In case of wood the rate of 
decreases of friction coefficient is relatively higher because of minimum adsorbed water 
into the cell wall. It softens the cellulose/lignin material of the cell water. Therefore, it 
reduces all strength and stiffness properties; that weakens the wood [23] 

 

Fig. 3 Variation of volume loss with sliding distance at applied pressure of 1.0MPa and 
sliding velocity of 0.64 ms-1 

 

Fig. 4 Variation of wear rate with sliding distance at applied pressure of 1.0MPa and 
sliding velocity of 0.64 ms-1 
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Fig. 5 Variation of friction coefficient with sliding distance at applied pressure of 1.0MPa 
and sliding velocity of 0.64 ms-1 

Fig. 6 shows the comparison of the variation of friction coefficient with normal load for 
wood and knot. These results show that friction coefficient decreases with the increase in 
normal load. Increased surface roughness and a large quantity of wear debris are believed 
to be responsible for the decrease in friction with the increase in normal load. Similar 
behavior is obtained for wood [24-26] i.e. friction coefficient decreases with the increase 
in normal load. 

 

Fig. 6 Variation of friction coefficient with applied load at sliding velocity of 0.64 ms-1 

3.3. Optical Microscopic Observation 

In Fig. 7 are presented the worn surfaces for the wood and knot at different sliding 
distances. Before wear the microstructure of the wood and knot show the smooth cell wall 
(Fig. 7a and 7b).  In case of knot some spots are observed as it contents dead cells [27]. 
After wear for 200m the wood and knot microstructure show the lines in the direction of 
weariness (Fig. 7c and 7d). The damaged surface due to the adhesion wear, distortion took 
place in the surface of the specimen. It can also be observed that the surfaces of wood and 
knot as the sliding distance increase the wear marks becomes more visible and deep (Fig. 
7e and 7f).     
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Fig. 7 Optical micrograph of worn surfaces of the wood and knot at different sliding 

distances at applied pressure of 1.0 MPa and sliding velocity 0.64 ms-1 

Fig. 8 shows the surfaces of MS counter-body which contents the dust of wood and knot 
generated during wear experiment at different sliding distances. Fig. 8a and 8b contains 
the dust of wood and knot after wear for 200m and Fig. 8c and 8d after wear for 4500m 
respectively. It shows that the higher sliding distance produces the higher amount of dust 
on the MS counter body. In this study, the dust is generated during the wear experiments 
from knot, contain higher amounts of large sized particles. This is due to fact that the knot 
contents compact cell wall. Whereas, the small sized particles produced from wood 
because of the losses cell wall. 

 

Fig. 8 Optical micrograph of MS disc surfaces for the wood and knot at different sliding 
distances at applied pressure of 1.0 MPa and sliding velocity 0.64 ms-1 
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3.4. Scanning Electron Microscopy 

The SEM micrographs of the wood and knot of pine timber are shown in Fig. 9a and 9b 
respectively. The wood fiber is basically built up of the polymers: cellulose, hemicelluloses, 
and lignin. Pectin, inorganic compounds, and extractives are also present in wood, 
although only as minor components. Wood consists of regular cell with larger cavity than 
that of knot. The higher number of compact cells is observed in the knot structure. The 
knot stays perpendicular from the grain direction of the regular wood. During growth the 
tree compresses the knot which results the compact cell [28, 29]. 

 

Fig. 9 SEM images of the a) wood and b) knot of pine timber 

4. Conclusion 

The knot itself is harder, denser, often more resinous and shrinks in a manner different 
from that of the surrounding tissue. Knot itself shows the higher mechanical properties 
than that of the wood. Wear rate increases to a maximum for wood and knot then attain a 
plateau for wood and decreases for knot with increasing sliding distance. The superior 
mechanical property of the knot leads to its better wear resistance. Regular cells with 
larger cavity are observed in wood structure and the knot contains the compact cell wall 
in the structure. 
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 Electroless metal plating is a coating technique which relies on reduction of 
metal ions with an autocatalytic chemical reduction process. Ionic liquids are 
defined as compounds that are sensitive to the environment due to their low 
pressure that can be negligible, their high heat resistance, and a higher ionic 
conductivity, to be electrochemically rich, to have wide open liquid range, to have 
a range of high polar solubility. In this study, the effects of ionic liquids were 
investigated in the electroless metal plating process over ABS plastic. For this 
purpose electroless baths were prepared by using two different types of ionic 
liquids (EMIC & DCA) for copper and nickel plating. Experiments were carried 
out with 120-500 grit sandpaper and at 80°C plating bath temperature for 30-
120 minutes of deposition time and at different pH values as 8-9. X-Ray XDL-B 
System, X-ray Diffraction (XRD) and Scanning Electron Microscopy (SEM) were 
used for the characterization and the amount of deposits. According to the 
experimental and analytical results, the metal plating on ABS plastic was 
succeeded with two different ionic liquid additions. On the contrary of the 
traditional processes with chromic and sulphuric acids, the etching and the 
plating processes were performed with environmentally friendly chemicals. In 
this way, both it will be provided a significant benefit to public health, and it will 
be brought innovation to the metal plating industry with the environmentally 
friendly ionic liquid catalyst.  
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1. Introduction 

Acrylonitrile butadiene styrene (ABS) is a thermoplastic polymer made by polymerizing 
styrene and acrylonitrile in the presence of polybutadiene. 15 to 35% acrylonitrile, 5 to 
30% butadiene and 40 to 60% styrene are the composition of ABS. Plating of plastic 
materials is providing a long term use to the materials. Especially ABS plastic is very 
suitable to this work. ABS plastic is an important chemical reagent an engineering material 
with high thermal stability, high mechanical strength and high resistance [1]. Ionic liquids 
(ILs) are electrically conductive liquids composed merely of ions. Ionic liquids at room 
temperature (RTIL) are the salts having very low gas pressure or close to zero. So missing 
amount of ionic liquids are little both evaporation or using as catalyst or solvent at high 
temperature. They have a wide liquid range and are very stable at high temperature. Two 
types of room temperature ionic liquids are EMIC, 1-ethyl-3-methyl imidazolium chloride 
(C6H11N2Cl) and DCA, 1-ethyl 3-methylimidazolium dicyanamide (C8H11N5). For instance 1-
ethyl 3-methyl imidazolium trifloromethylsufonit has a liquid range of 4710C with melting 
point -150C and deformation temperature 4550C [2]. The characteristic make RTILs 
applicative for reactions [3]. At the research conducted with RTIL has positive effect on the 
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plating performance. In the study, while aluminum did not coat in the electrolitic aqueous 
solution, at the room temperature the plating is performed with ionic liquid [4]. At the 
other study, 1-ethyl 3- methyl imidazolium dicyanamide is used for nickel plating and this 
ionic liquid is approved for metal plating electrode [5]. Electroless plating is the main part 
of the electroplating process. In this part plastic material has a conductive behavior. It 
provides homogeneous distribution, durability and preferred thickness. It is nonmagnetic 
and because of the higher stretching ratio there is no break into pieces under distortion or 
elongation. The difference of the electroless plating from the electroplating is about energy. 
Electroless plating does not need electrical energy. So the plating film appears with 
uniform structure. This method is widely used because of superior features such as 
providing uniform surface film and resistance of abrasion and corrosion [6, 7]. At related 
studies, catalysts and activation solutions for the electroless bath are mainly consisting of 
colloidal suspension of palladium metal and tin ions. The function of the bath is 
precipitating colloidal palladium (palladium-tin) on the porous ABS surface. Palladium is 
used as catalyst and the nickel and copper electroless precipitation reaction is begun. Two 
metals (nickel and copper) are most widely used metals at the decorative plating of the 
plastics [8-10]. Electroless metal plating technique begins to apply by using catalyst. Many 
researchers have attempted to deposit metals by using electroless plating technique. For 
example, electroless nickel and copper plating was obtained over carbon nanotubes and 
graphite [8, 11]. Fukuhara and coworkers implemented electroless plating process by 
preparing copper surface catalysts [12]. At another study, Song and friends coated silver 
by using nickel phosphite catalyst [13]. The surface characterization of the activated ABS 
plastic was obtained by using Scanning Electron Microscopy (SEM) and Ni coating was also 
characterized by X-Ray diffraction (XRD) [1].  

The main goal of this study is to search the effects of ionic liquids in the electroless metal 
plating process over ABS plastic. For this purpose electroless baths were prepared by using 
environmentally friendly chemicals (EMIC & DCA) for copper and nickel plating processes 
on ABS plastic. On the contrary of the traditional processes with chromic and sulphuric 
acids, the etching and the plating processes were performed with environmentally friendly 
chemicals.  

2. Material and Method  

The electroless copper and nickel plating on ABS plastic material experiments were 
performed in fume hood at atmospheric pressure and at different plating temperatures. 
The experiments consist of four steps: preparing the chemicals and materials, etching, 
plating and the analysis of samples. The investigated parameters were sandpaper size, 
plating time, plating temperature and effects of ionic liquid types (RTIL). 

2.1 Electroless metal plating procedure 

1. Initially, 20 mm x 35 mm x 1.5 mm ABS plastic samples are grounded with the 

120-320-500 grit sandpaper size. 

2. Then the samples are dried in a 650C oven for 4 to 5 h.  

3. And then the samples are taken from oven and layered in a 10g/L NaOH 

alcoholic solution.  

4. After then, this NaOH alcoholic solution is placed in a water bath at 35-40 ⁰C for 

30 min. 

5. Then, the samples are put in a mixture. The composition and the amounts of the 

chemicals are given in Table 1. 
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    Table 1.  Chemicals and amounts of aqueous solution [14] 

Chemical Density (g/ cm3) Mass (g) Volume (mL/L) 

HNO3 1.51 378.2 - 453.9 250 - 300 

H2O2 1.45 13.6 – 20.41 9.38 – 14.08 

NH4F 1.009 2 - 4 1.98 – 3.96 

6. Prepared mixture is replaced in an ultrasonic bath for 30 min [14]. 

7. The resultant samples are washed with deionized water.  

8. For the material pretreatment solution of CuCl2 and ionic liquid are weighed 

with the molar ratio 2:1 and the specimen is immersed in the ionic solution and 

is left for a week. 

9. The specimen is placed at 800C plating bath containing the plating solution 

prepared with the chemicals at Table 2 and Table 3 for Copper and Nickel 

plating, respectively. 

Table 2. Contents of the plating bath for Copper [14] 

Chemical Formula Concentration (g/L) 
Copper Sulfate CuSO4 ∙ 5H2O 12-15 

EDTA-2Na C10H14N2Na2O8 ∙ 2H2O 40-45 
2,2-Dipyridyl C10H8N2 0.04-0.05 

Formalin CH2O 20-25 

 

   Table 3. Contents of the plating bath for Nickel [15] 

Chemical Formula Concentration (g/L) 
Nickel Chloride NiCl2 ∙ 6H2O 20 

Sodium Hypophosphate NaH2N2PO3 ∙ H2O 20 
Sodium Citrate Na3C6H5O7 ∙ H2O 45 

Ammonium Chloride NaH4Cl 30 
 

 
10. NaOH is added slowly to the plating bath to adjust the pH. For Copper plating, 

pH is adjusted at 11-12 and for Nickel plating, this pH value is adjusted at 8-9. 

11. At the beginning of the process (10 min to 20 min), no bubbles are seen. But 

after 50 min to 60 min, a lot of bubbles are obtained according to the reaction.  

12. Then samples are purified with deionized water and then the metal plated 

sample is dried at 45 0C in an oven.  

13. At the end of the experiments, some characterization techniques (XRD, SEM-

EDX) and the plating amount of the final samples (X-Ray XDL-B System) are 

obtained. 

3. Results and Discussions 

The results of the analyses were evaluated and the effects of plating time and sand paper 
size on the amount of deposits were investigated. According to the obtained results amount 
of deposits versus plating time and sand paper size graphs were plotted (Figures 1-4). 
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Fig. 1 Time Effect on Amount of Deposit 
for DCA and 120 grit size Sandpaper. 

Fig. 2 Time Effect on Amount of Deposit for 
EMIC and 120 grit size Sandpaper. 

   

According to the results from X-Ray analysis of DCA, stable increase could not be obtained. 
When plating time increases, firstly the amount of deposit increases from 0.28 to 3.27; 
however, after 120 min, it decreases from 3.27 to 1.48. But the amount of deposit 
decreased with increasing plating time of the substrate at constant temperature (800C) for 
DCA. The maximum amount of the deposit is found as 3.27 μm for 120 min by using DCA 
(Figure 1). The amount of deposit increased with increasing plating time of the substrate 
at constant temperature (800C) by using EMIC (Figure 2). The maximum amount of the 
deposit was about 3.67 μm for 150 min for EMIC.  As a result, it is concluded that EMIC is 
more suitable ionic liquid then DCA type ionic liquid as catalyst for metal plating on ABS 
plastic.  

Results obtained from X-Ray analysis are evaluated and thickness versus sandpaper size 
graphs are plotted (Figures 3, 4). It is shown from Figure 4 that, the thickness of the copper 
film increases when sandpaper size increases by using EMIC. The maximum amount of the 
deposit was about 3.92 μm for 500 grit of sand paper. Although sandpaper size increases, 
increase in the thickness of the copper film could not be obtained by using DCA (Figure 3). 
The reason can be stated that stable increase could not be obtained according to the 
ingredients of plating bath solution that includes nitric acid, hydrogen peroxide and 
ammonium fluoride.  

After X-ray measurements, the XRD and SEM analyses were performed for the best plated 
specimens. Figures 5 and 6 were obtained for Cu and Ni plating process, respectively. It 
can be said from these figures that, there are only Cu (Fig. 5) and Ni (Fig.6) peaks and no 
additional elements beside them.  According to the literature, the results of XRD analysis 
were obtained as expected [14, 1]. Diffraction peaks were obtained at approximately 45, 
50, and 75 degree for Copper and at 20, 35 and 45 degree for Nickel.  
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Fig. 3 Amount of Deposit versus 
Sandpaper Size for DCA and 120 minutes. 

Fig. 4 Amount of Deposit versus 
Sandpaper Size for EMIC and 120 

minutes. 

         

 

Fig. 5 XRD Analysis for Copper plating with EMIC. 

 

A SEM analysis was obtained for the surface of the Cu and Ni-plated specimens using RTIL. 
Morphology of deposits are shown in Figures 7 and 8, so materials were deposited on the 
surface of the substrate and these proves that electroless plating took place. The elemental 
mapping result using SEM-EDS also indicated that the plating film consisted of Copper and 
Nickel only, and the metal was homogeneously distributed on the surface of the film. 
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Fig. 6 XRD Analysis for Nickel plating with EMIC. 

 

  

 Fig. 7 SEM Analysis of copper plated 
sample which obtained by using EMIC 

with 120 grit size sandpaper at 60 
minutes. 

Fig. 8 SEM Analysis of nickel plated sample 
which obtained by using EMIC with 120 

grit size sandpaper at 60 minutes. 

4. Conclusion 

The effects of ionic liquids were investigated in the electroless metal plating process over 
ABS plastic in this experimental study. For this purpose two different electroless baths 
were prepared by using environmentally friendly chemicals (EMIC & DCA) for copper and 
nickel plating processes on ABS plastic. On the contrary of the traditional processes with 
chromic and sulphuric acids, the etching and the plating processes were performed with 
environmentally friendly chemicals. The investigated parameters were the thickness of 
plate, plating time, sandpaper size effect on the plating amount in the electroless metal 
plating process over ABS plastic. From the results of this experimental study, the following 
conclusions can be drawn:  

• It is succeeded in demonstrating the electroless plating of dense, smooth, and pure 
copper and nickel from a RTIL, EMIC.  
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• The maximum amount of the deposit was achieved about 3.67 μm for 150 min for 
EMIC.   

• XRD results indicated that the deposited films were copper and nickel. The plating 
film consisted of Copper and Nickel only, and the metals were plated over the 
surface of the ABS plastic homogeneously.  

• The elemental mapping results of SEM-EDS indicated that the plating film consisted 
of Copper and Nickel only, and the metals were homogeneously distributed on the 
surface of the film. 

• It was concluded that, EMIC that was one of the room temperature ionic liquid used 
in this experimental study was more suitable ionic liquid then DCA type ionic liquid 
as catalyst for electroless metal plating on ABS plastic.  

• On the contrary of the traditional processes with chromic and sulphuric acids, the 
etching and the plating processes were performed with environmentally friendly 
chemicals. In this way, both it will be provided a significant benefit to public health, 
and it will be brought innovation to the metal plating industry with the 
environmentally friendly ionic liquid catalyst.  
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 Glass fiber/epoxy resin/multi-walled carbon nanotubes (MWCNTs) were used 
to fabricate the nano materials integrated thermoset composite materials in this 
study. Thermoset composites with and without nano materials were fabricated 
using resin transfer molding (RTM) methods. The fabricated samples were 
tested with compression after impact and charpy impact tests. The samples with 
MWCNTs demonstrated the best improvement of the compression after impact 
modulus and strength with 31% and 5.6% compared to the samples without 
carbon nanotubes. The nano materials integrated specimens showed 10.2% 
improvement of charpy impact strength against specimens without carbon 
nanotubes in 90° degree direction.  Due to the existing of the carbon nanotubes 
between fiber and polymer matrix was the reason of the improvement of the 
mechanical properties of carbon nanotubes integrated composites. 
 
 

© 2019 MIM Research Group. All rights reserved. 
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1. Introduction 

The using of thermoplastics and thermosets polymeric composite materials were 
considerably developed in recent years. Nano materials can be used as an assistant factor 
for strengthening of the composites. Carbon nanotubes (CNTs) have superior properties 
such as, strength and stiffness, with high aspect ratio. Because of unique properties of CNTs 
(such as Young’s modulus of ca. 1 TPa and tensile strength of ca. 200 GPa), CNTs has 
become an ideal candidate for polymer reinforcement [1].  
 
In the literature, some studies were done about the mechanical properties of CNT modified 
laminates [2-6]. Flexural properties of glass fiber/epoxy/MWCNT composites were 
investigated by Demircan et al [2]. In their study, MWCNTs integrated specimens showed 
the best improvement of the flexural modulus and strength with 19% and 7% compared 
to the samples without MWCNTs. Bilisik et al. [3] studied short beam shear of 
nanoprepreg/nanostitched three dimensional carbon/epoxy multiwall carbon nanotubes 
composites. They found that stitching and MWCNTs addition enhanced the short-beam 
strength of the composites. Bilisik et al. [4] studied mechanical properties of plain para-
aramid/phenolic multiwall carbon nanotubes prepreg/multistitched preform composites.  
In their study, the fracture toughness (GIC) of the stitching and nanostitched composites 
showed 42 fold and 41 fold (beam theory), 18 fold and 21 fold (modified beam theory) 
increased compared to the control. Preparation and mechanical properties of carbon 

mailto:ozgur.demircan@omu.edu.tr
http://dx.doi.org/10.17515/resm2019.137ma0702
https://avesis.erciyes.edu.tr/yayin/843af0ab-8bbc-4e3b-9ad8-b936181bd0d9/short-beam-shear-of-nanoprepreg-nanostitched-three-dimensional-carbon-epoxy-multiwall-carbon-nanotubes-composites
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nanotube grafted glass fabric/epoxy multi-scale composites were investigated by 
Eskizeybek et al [5]. Tensile tests were conducted on fabricated multi-scale composites, 
indicating the grafting CNTs on glass fabric resulted a decrease (11%) in ultimate tensile 
strength while toughness of the multi-scale composite laminates were increased up to 
57%. Mode I interlaminar fracture toughness of chemically carbon nanotube grafted glass 
fabric/epoxy multi-scale composite structures were investigated by Eskizeybek et al [6].  
Grafting CNTs onto PWGFs improved both initial and steady-state toughness more than 
double as measured by Mode I interlaminar fracture testing. 
 
In the literature, some articles were found addressing the compression-after-impact (CAI) 
properties of CNT modified laminates [7-11]. Mannov et al. [7] studied improvement of 
compressive strength after impact in fibre reinforced polymer composites by matrix 
modification with thermally reduced graphene oxide. They significantly improved residual 
compressive properties of the laminates for the modified specimen, with the glass fibre 
laminates showing the highest improvement of 55% when compared to unmodified 
specimens. Gorbatikh et al. [8] studied impact and residual after impact properties of 
carbon fiber/epoxy composites modified with carbon nanotubes. They showed that CNTs 
network had a positive influence on the properties of the composites. Ye et al. [9] reviewed 
interlaminar fracture toughness and CAI strength of fibre-reinforced composites with 
nanoparticles. They reviewed that nanoparticles as additional reinforcing phases in fibre-
reinforced polymer (FRP) laminates (especially with brittle thermosetting resins) can 
enhance interlaminar fracture toughness and CAI strength. 
 
In the literature, few articles were found addressing the charpy impact properties of CNT 
modified laminates [12-13]. Sharma et al. [12] reported impact behavior and fractographic 
study of carbon nanotubes grafted carbon fiber-reinforced epoxy matrix multi-scale hybrid 
composites. In this study, CNTs grafted carbon fiber epoxy composites showed 48.7% and 
42.2% higher energy absorption compared to reference composites in charpy and izod 
impact tests. Structural composites hybridized with epoxy compatible polymer/MWCNTs 
nanofibrous interlayers was studied by Papila et al. [13]. They found that interlayered 
charpy impact specimens absorbed 20% more energy than the non-interlayered ones. 
 
In the literature, it was found some researchers who they coated the surface of the 
reinforcements using nano materials. Lagoudas et al. [14] studied effect of carbon 
nanotubes on the interfacial shear strength of T650 carbon fiber in an epoxy matrix. Their 
results of the single-fiber fragmentation tests indicated an improvement in interfacial 
shear strength with the addition of a nanotube coating. Kim et al. [15] studied tensile 
strength of glass fibers with carbon nanotube–epoxy nanocomposite coating. They found 
that a more uniform strength distribution and higher strengths of the rovings impregnated 
with the CNT nanocomposite than those impregnated with the neat epoxy. The effect of 
adding carbon nanotubes to glass/epoxy composites in the fibre sizing and/or the matrix 
was reported by Godara et al. [16]. They found that an increasing in resistance of crack 
initiation fracture toughness by +10% by the presence of CNTs in the sizing, but a lowering 
in crack propagation toughness of -53%. Interfacial shear strength of a glass fiber/epoxy 
bonding in composites modified with carbon nanotubes was reported by Gorbatikh et al. 
[17]. The results of their tests revealed that an increase of interfacial shear strength (IFSS) 
in specimens. 
 
Wang et al. [18] studied an effective surface modification of carbon fiber (CF) for 
improving the interfacial adhesion of polypropylene (PP) composites. They significantly 
enhanced the mechanical performance of PP composites with 0–30 wt. % CFs by CF 
surface treatment in combination with maleic anhydride grafted PP (MAPP) modification. 
Demircan et al. [19] investigated the effect of CNTs on the mechanical properties of 
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LPET/glass fiber thermoplastic composites. They found about 7% and 33% in tensile and 
flexural modulus and about 3% and 65% in tensile and flexural strength of composites by 
using carbon nanotubes in the fiber sizing. 
 
In the literature, to the best of the authors’ knowledge, it was found no research about the 
compression after impact and charpy impact properties of the glass fiber/epoxy 
resin/MWCNTs integrated thermoset composites reinforced with the biaxial warp-knitted 
fabrics. The purpose of this research was to study the effect of the nano material 
incorporation on the CAI and charpy impact properties of the thermoset composites. The 
CAI and charpy impact properties of 0.0 wt% and 0.4 wt% MWCNTs incorporated 
specimens were investigated. In order to design of the new thermoset composite materials, 
the results from our research can be used. 

2. Experimental procedure  

2.1. Constituents of Thermoset Composites 

In order to fabricate nano materials integrated thermoset composites, the non-crimp 
fabrics (NCF) with glass fibers (Metyx Composites Ltd., Turkey), epoxy resin (DTE 1200, 
Duratek, Turkey) and hardener (DTS 1155, Duratek, Turkey) were used. The properties of 
the NCF are shown in Table 1.  

Table 1 Properties of non-crimp fabric (NCF) of composites 

E glass 
samples 

 

Biaxial yarn 
0° (warp) 
fibers, tex 

 

Biaxial yarn 
90° (weft) 
fibers, tex 

 

Area weight 
of 0° warp 

fibers (g/m2) 

Area 
weight of 
90° weft 

fibers 
(g/m2) 

Fabric 
weight 
(warp, 

weft and 
binding 
fibers) 
(g/m2) 

LT1200E 
05B 0/90  

2400 1200 566 614 1187 

 

The carbon nanotubes were supplied from Ege Nanotek Kimya Sanayi Limited Sirketi, 
Izmir, TURKEY. The properties of the MWCNTs were demonstrated in Table 2.   

Table 2 Properties of MWCNTs 

 

 

 

Parameter Value 

Outer diameter (nm) 10-20  

Interior diameter (nm) 5-10  

Length (µm) 10-30 

Surface area (m2/g) >200  

Color black 

Electrical conductivity (S/cm) >100  

Density (tap) (g/cm3) 0.28  
Density (true) (g/cm3) 2.1  

http://www.traditionaloven.com/tutorials/distance/convert-micron-to-micro-meter.html
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Fig. 1 SEM images of MWCNTs 

2.2. Fabrication Method of Thermoset Composites 

In order to fabricate the thermoset composites with nano materials, the resin transfer 
method (RTM) was chosen to manufacture four layers biaxial warp-knitted (BWK) 
reinforced composites plates as shown in Figure 2.   

At first ethanol and MWCNTs solutions were prepared to coat each faces of the NCFs. 
MWCNTs were dispersed in ethanol using a magnetic stirrer device. After that the solution 
of MWCNTs and ethanol were stayed in an ultrasonic bath. Later, each faces of the NCFs 
were coated using of the solution of MWCNTs and ethanol. After coating of the NCF with 
the MWCNTs solution, the specimens were left for two days in the room temperature to 
evaporate of the ethanol. Then, MWCNTs coated four layers fabrics were laid in mold cavity 
in a symmetrical stacking sequence ([90wa/0we/90wa/0we]s) of the RTM system (Figure 3). 

 

Fig. 2 The RTM apparatus 
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Fig. 3 Schematic drawing of the thermoset composites. Here, l: length, w: width and t: 
thickness of the fabricated composite plate 

 

Table 3 Fiber volume fraction and thickness of fabricated composites 

Composites 
Weft 

Vf (%) 
Warp 
Vf (%) 

Binding 
Vf (%) 

Total 
(warp, weft 

and 
binding) 
Vf (%) 

Thickness 
(mm) 

0.0 wt % 
MWCNT 

17.4 16.1 0.66 34.2 5.4 

0.4 wt % 
MWCNT 

16.8 18.2 0.28 35.3 5.0 

 

2.3. Characterization of Thermoset Composites 

Zwick Roell Z250 KN Universal test equipment was used for both low velocity drop 
weight impact and CAI tests. The weight and diameter of the impactor was 6490 g and 
12.9-mm. After completing the low energy impacts tests with 43 J, the damaged samples 
were used for the CAI tests. Impactor was able to damage the surface of the composite 
plate at 43 J.  Therefore, 43 J impact energy level was chosen. The CAI tests were 
conducted on specimens with constant displacement of 0.5 mm/min. A 250 kN unit cell 
was used in the CAI tests. The CAI tests were performed on specimens using EN 6038 test 
standard. Three specimens were tested in the CAI tests. In the CAI tests, the specimens 
were placed in an anti-buckling jig where both loaded edges were fully clamped. In order 
to prevent global buckling the sides were simply supported in the CAI tests. The sample 
dimensions were: 150 mm in length, 100 mm in width and 5.0-5.4 mm in thickness in the 
compression after impact tests.  

Charpy impact tests were performed in accordance with the ISO 179 testing standards 
with an impact hammer of 5 J energy capacity. In the charpy impact tests, three 
specimens were tested in the 90° directions for each type of the composite panels. The 
sample dimensions were: 90 mm in length, 15 mm in width and 5.0-5.4 mm in thickness 
in the charpy impact tests. 

 

w

l

t

weft fiber, we
warp fiber, wa

st
1 layer

nd
2 layer

rd
3 layer

th
4 layer

 wa we wa we s
90 /0 /90 /0

Specimen of CAI test 
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3. Results and Discussion 

The surface morphologies of glass fibers after grafting CNTs are investigated via SEM as 
shown in Figure 4. The glass fiber surface was fairly grafted by CNTs but non-grafted 
regions were also observed (Figure 4a). According to this observation, the carbon 
nanotube grafting process forms of CNT inlets on the glass fiber surfaces. The high 
magnification SEM image of the individual CNT grafted glass fiber is shown in Figure 4b. 
The grafted CNTs on the fiber surface exhibit randomly oriented with non-uniform 
dispersion and fairly agglomerated areas were also observed.  

 
 

 

 

Fig. 4 SEM images of surface morphologies of glass fibers after grafting CNTs 

 

Figure 5, 6 a and b represent the results of the CAI stress-strain curves and modulus and 
strength of the specimens of the thermoset composites with 0 wt% and 0.4 wt% 
MWCNTs. The CAI modulus and strength of the specimens with 0 wt% and 0.4 wt% 
MWCNTs were 0.55 GPa and 177.6 MPa and 0.80 GPa and 188.3 MPa. The CAI modulus 
and strength of the specimens with 0.4 wt% MWCNTs were 31% and 5.6% higher 
compared to the 0.0 wt% MWCNTs.  

a) CNTs

b)

Agglomerations
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The RTM fabrication process of the composite laminates includes the post-curing step at 
80 oC and this step could induce the formation of chemical bonds between functional 
groups on the MWCNTs and the glass fiber surfaces. The possible reason for the obtaining 
the improved CAI properties for the specimens incorporated with the MWCNTs was the 
synergy between fiber and matrix, which was created by the MWCNTs in the composite 
material. Since the CNTs having superior mechanical properties with large surface area, 
they improve mechanical properties of composites. 

Comparing these results with others found in the literature, 0% and 7% in improvements 
in CAI strength for laminates with 5 wt% and 10 wt% of cup-stacked CNTs was reported 
by Yokozeki et al. [10]. 12–15% increase in CAI strength for nano-enhanced laminates 
containing 0.5 wt% MWCNTs was reported by Kostopoulos et al. [11]. 55% increase in CAI 
strength for nano-enhanced laminates containing 0.5 wt% MWCNTs was reported by 
Mannov et al. [7]. The good agreement between our results and literature supported our 
mechanical tests. 

 

 

Fig. 5 Results of CAI stress-strain properties of thermoset composites 

 

 

Fig. 6 Results of CAI modulus and strength properties of thermoset composites 

Figure 7 shows the results of the charpy impact properties of the specimens of the 
thermoset composites with 0 wt% and 0.4 wt% MWCNTs in the 90° direction. The charpy 
impact strength of the specimens with 0 wt% and 0.4 wt% MWCNTs were 162.9 kJ/m2 
and 181.4 kJ/m2 in 90° direction. The CNT integrated specimens showed 10.2% 
improvement of the charpy impact strength against specimens without CNTs in the 90° 
degree direction. As mentioned earlier, the possible reason for the improvement in the 
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charpy impact strength might be the synergy between the fiber and matrix, which was 
created by the MWCNTs in the composites.  

 

 

Fig. 7 Results of charpy impact properties of thermoset composites 

 

The influence of addition of CNTs on the energy absorption properties of composites has 
been studied by various researchers. 48.7% higher energy absorption in charpy tests 
from the fabricated composites with MWCNTs was reported by Sharma et al. [12]. 20% 
increase in the charpy impact energy absorbance in the presence of 0.2 wt % MWCNTs 
interlayers was reported by Papila et al. [13].  

4. Conclusions 

The addition of the carbon nanotubes on the surface of the reinforcements enhanced the 
CAI modulus and strength and impact strength of the thermoset composites. 

From the results of this study, the following conclusions can be drawn: 

• The best improvement of the CAI modulus and strength with 31% and 5.6% were 
obtained from the specimens with 0.4 wt% MWCNTs due to the superior properties 
of carbon nanotubes. 

• The highest results of charpy impact strength were achieved with 0.4 wt% 
MWCNTs. 

• There was a good agreement of results of the CAI and impact tests of nano materials 
integrated composites from literature and from us.  

In future study, we will try to investigate the interlaminar sheer strength properties of the 
nano materials integrated composite materials with the NCFs reinforcements. 
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 The present study aims at understanding the mechanical and thermal properties 
of natural fibers in a polymer matrix without strong adhesion between the two 
constitutes. For this purpose, four types of pulps, which are refined and 
unrefined pine and birch kraft pulps, were used together with polypropylene 
without any compatibilizer. One constituent pulp based and composite pulp 
fiber-polypropylene handsheets were prepared by standard laboratory sheet 
preparation method followed by hot pressing process. In addition to these 
handsheets, pure polypropylene sheets were also formed as the reference. The 
produced handsheets were tested to determine their tensile properties following 
the ISO 1924-2 standard for paper and board. During these tests, infrared 
thermal imaging was also carried out with FLIR A655SC thermal camera with 
frame rate of 200 Hz and thermal resolution of 50 mK so as to investigate the 
thermal behavior. As a result of the experiments, it was deduced that the chosen 
methods produced composites with unsatisfactory properties. In addition, 
microstructures of the investigated handsheets were analyzed with scanning 
electron microscopy (SEM) indicating the heterogeneous mixing of constituents 
and existence of material defects, which was mainly due to the inherent 
incompatibility of hydrophilic natural fibers and hydrophobic thermoplastics. 
The study aims at paving a way for improved natural fiber-polymer composite 
manufacturing methods, a requirement for better understanding the natural 
fiber and polymer matrix bonding practices.  
 

© 2019 MIM Research Group. All rights reserved. 
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1. Introduction 

Since the natural fibers are abundant, ecological, economical, light and have high specific 
mechanical characteristics, they have been widely used as reinforcement in natural fiber-
polymer composites with applications in paper and packaging, construction and 
automotive industries [1, 2]. Thus, biocomposites based on natural fibers and especially 
thermoplastic polymer blends are being widely investigated to minimize the plastic waste 
problem [3-5]. The mechanical properties of these composites primarily depend on the 
elastic behavior and strength of fibers, fiber network, matrix and interfacial bonding [6-
10]. Especially, a strong adhesion between the fiber and the matrix is of great importance 
for the effective load distribution and reinforcement throughout the composite [11-13]. 
However, in case of natural fiber-polymer composites, fibers are hydrophilic for most of 
the cases and incompatible with the common hydrophobic thermoplastics, which can limit 
the proper bonding [14, 15]. Thus, various compatibilizers, such as phosphate titanite, or 
wood surface modification treatments, like acetylation, are used to bind the constituents 
together [16-18].  
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In order to create an in-depth understanding of the bonding limits of natural fibers and 
thermoplastics, different natural fiber types with and without polymer matrix were 
investigated. For this purpose, four types of wood fiber; refined and unrefined birch kraft 
pulp and refined and unrefined pine kraft pulp; were investigated in polypropylene PP 
matrix without any compatibilizer. Mechanical properties of these composites were 
evaluated and compared to the papers made of either wood or PP that can be co-
polymerized to increase its strength and durability [19]. Thermal camera recordings were 
also used to understand the thermal characteristics of the investigated materials which 
were subjected to tensile loading. Therefore, the present study aims at providing an 
advancement in natural fiber-polymer composite design and manufacturing with findings 
on the effects of compatibilizers on the physical and mechanical characteristics of final 
products.  

2. Methodology 

As listed in Table 1, nine types of laboratory handsheets were formed out of four types of 
pulps by following the ISO 5269-1:2005 laboratory sheet preparation standard so as to 
conduct subsequent physical tests [20]. Sheets had a rectangular shape and a side-length 
of 16.5 cm and a grammage of ~120 g/m2. PP melting temperature was measured as 163 
°C using hot plate and infrared thermometer in the Aalto University facilities. The 
measurements were in well alignment with the ones in the literature [21]. Composite 
handsheets were thereafter prepared adding PP granules to fiber-water suspension before 
forming process. Some adjustments, the details of which are elaborated below, were 
needed for these handsheets compared to the standard formation process due to the 
hydrophobic and light nature of the PP.  

Based on the ISO-187:1990 standard atmosphere for conditioning and testing in line with 
ISO 5269-1:2005 laboratory handsheet preparation standard, the handsheets were kept in 
a room of 50% relative humidity and at 23°C temperature for minimum 24 hours for 
conditioning and drying [20, 22]. Thereafter, the handsheets were hot pressed under 
steady conditions for 2 minutes at 180 °C temperature with 50 kN force with Vakomet 
KRO-260 press and Siemens Simatic HMI KTP400 controller system. PP sheets of the same 
size and grammage as paper sheets were prepared by laying 3.267 g of PP granules in a 
paperboard frame, letting the specimen to melt on the hot press plate and pressing it to 
shape using 200 kN force and 200 °C temperature. 
 
Retention was determined at 95 % and 94 % with refined birch and pine, respectively. 
Unrefined pulps were assumed to have 100 % retention due to non-existence of fines. PP 
retention was determined at 55 %, although it varied a lot due to challenging nature of PP 
granules in papermaking. PP had virtually no adhesion to fibers in aqueous phase and 
stuck easily to the walls of the handsheet trough. Also, PP interfered the process of 
removing fresh fiber mat from wire for drying. Being lighter than water and the fibers, PP 
granules settled on top of fiber matrix which resulted in very low adhesion of wet 
composite handsheets with the suction board. Additionally, PP granules detached easily 
out of the composite handsheets after drying the samples. Composite handsheets with 
unrefined pulps of low wet strength were especially challenging, the problem that was 
tackled adding part of the PP granules to dried handsheets just before the hot press. Due 
to these factors, the PP amount in these sheets varied profoundly. 
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Table 1. Handsheet materials, identification, their fiber and polymer fractions, physical 
characteristics 

Material ID Fiber 
(mass %) 

PP 
 (mass %) 

Thickness 
(μm) 

Grammage 
(g/m2) 

Birch, refined 
Mean 

Std. dev. 

BR 100 0  
169 
1% 

 
122 
1% 

Birch, refined, with PP 
Mean 

Std. dev. 

BRPP 50 50  
302 
5% 

 
122 
5% 

Birch, unrefined 
Mean 

Std. dev. 

BU 100 0  
253 
2% 

 
126 
2% 

Birch, unrefined, with PP 
Mean 

Std. dev. 

BUPP 50 50  
279 
3% 

 
121 
11% 

Pine, refined 
Mean 

Std. dev. 

PR 100 0  
190 
1% 

 
124 
1% 

Pine, refined, with PP 
Mean 

Std. dev. 

PRPP 50 50  
244 
4% 

 
127 
15%  

Pine, unrefined 
Mean 

Std. dev. 

PU 100 0  
268 
1% 

 
118 
2%  

Pine, unrefined, with PP 
Mean 

Std. dev. 

PUPP 50 50  
317 
8% 

 
127 
2% 

Polypropylene 
Mean 

Std. dev. 

PP 0 100  
244 
4% 

 
127 
15% 

 
Specimens were cut to dog-bone shape with mid-width of 10 mm and span length of 100 
mm to determine their tensile properties by following the ISO 1924-2:2008 testing 
standard for paper and board [23]. Tensile tests were conducted under 50% relative 
humidity and at 23°C temperature by using MTS 400/M vertical tensile testing system 
equipped with 200 N load cell. The cross-head speed was fixed to 12 mm/min and the 
clamp span of 100 mm was used in these measurements. In this setup, displacement and 
strain readings were recorded via crosshead position while force and stress measurements 
were obtained through force transducer and the measure cross-sectional areas per 
specimen. Temperature difference at breakage point was determined using FLIR A655SC 
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thermal camera with frame rate of 200 Hz, optical resolution of 640 x 480 pixels and 
thermal resolution of 50 mK. The thermal images of the selected specimens can be found 
in the Appendix. 

3. Results and Discussions 

3.1 Tensile properties and thermal characterization 

The tensile test results with mean and standard deviations are tabulated in Table 2 while 
the stress-strain curves are depicted in Figures 1 and 2 following the fiber content for birch 
and pine. Literature values for the elastic modulus of birch and pine based handsheets are 
between 1 and 10 GPa depending on the fiber orientation [24, 25]. In these one constituent 
handsheets, the fibers were randomly oriented and the handsheet elastic moduli obtained 
for the refined birch BR (4854 MPa) and the refined pine PR (4436 MPa) were well aligned 
with the previous investigations [26]. This was an expected outcome since the handsheets 
with one constituent have well established and standard production method. Nevertheless, 
in case of unrefined pulps, fiber bondings inside the handsheets were deduced to be weak 
since there was only mechanical and heat treatment for the formation process. Therefore, 
without the enhanced fiber bonding, interfiber breakage should prevail intrafiber failure, 
which results in lower elastic moduli as seen in unrefined birch and pine BU and PU, 
respectively, in Table 2. The same phenomenon explains the differences in tensile index, 
break strain and absorbed tensile energy. On the other hand, composite handsheets were 
deduced to have a lot of variation in their mechanical and thermal characteristics. This 
shows that importance of compatibilizers in composite handsheet formation, for which the 
bonding should be well built. Based on the present investigations, the compatibilizers are 
deduced to play a critical role especially in case of hydrophilic and hydrophobic 
constituents. 

 

 

Fig. 1. Stress-strain curves obtained from tensile testing of handsheets from refined BR and 
unrefined birch BU and their blends with polypropylene PP. Highlighted domains 
represents the stress-strain ranges for the elastic modulus computations. 
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Fig. 2. Stress-strain curves obtained from tensile testing of handsheets from refined PR 
and unrefined pine PU and their blends with polypropylene PP. Highlighted domains 

represents the stress-strain ranges for the elastic modulus computations. 

It is also observed that the produced composite handsheets did not follow the general rule 
of mixtures, i.e. neither Voigt model (upper-bound modulus) nor Reuss model (lower-
bound modulus). This has been also observed by other researcher working on the natural 
fiber composites [11] when the fraction of pulp fibers in a PP matrix was over 20 % by 
mass. For example, refined pulp-polymer composites BRPP and PRPP are significantly 
weaker than plain fiber or polymer sheets. On the other hand, the unrefined pulps seem to 
gain strength with the addition of polymer. The strength of these sheets primarily comes 
from the polymer phase as their grammage and fraction is much higher than those of the 
other composites due to modifications in the manufacturing method. The scanning 
electron microscopy (SEM) images in the following section support the postulate. 

3.2 Scanning electron microscopy 

In order to understand the details of the apparent properties of the handsheets, SEM 
images were recorded with Hitachi TM1000 tabletop microscope in charge-up reduction 
mode with acceleration voltage of 15 kV recommended by the manufacturer. In contrast 
to the conventional sample preparation techniques, samples imaged by the TM-1000 
required no special preparation such as metal coatings of non-conductive samples, which 
was very useful in terms of time and labor efficiency [27]. For the imaging, samples with 
surface areas of 2 x 2 mm2 were cut from the handsheets, the thicknesses of which are same 
as the ones listed in Table 1. A wide range of magnifications from 100 to 2000 times was 
utilized to investigate the sample structure and constituents. The images presented in 
Figures 3-6 indicate the importance of the compatibilizers since the matrix and 
reinforcement were not mixed well enough to fulfil the reasonable mechanical 
characteristics. No polymer matrix is visibly present in between the fibers in the side and 
cross-section images of the refined birch-PP composite as shown in Figure 3.  As also stated 
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previously, this confirms the importance of the compatibilizers to bind matrix and fiber 
material together in natural fiber polymer composites. 

Table 2. Tensile test results of different composite handsheets. Please, refer to Table 1 for 
the handsheet abbreviations BR, BRPP, BU, BUPP, PR, PRPP, PU, PUPP and PP.  

 
Elastic 

modulus 
Tensile index Break 

strain 
Tensile energy 
absolute index 

dT 

 (MPa) (kNm/kg) (%) (J/m2) (°C) 

BR 
Mean 4854 75 2.8 1564 2.9 

Std. dev. 5.3 % 3.3 % 7.6 % 11 % 33 % 
BRPP 
Mean 726 19 2.3 270 1.6 

Std. dev. 27 % 21 % 39 % 55 % 74 % 
BU 

Mean 1161 18 1.0 117 2.6 

Std. dev. 9.8 % 4.3 % 13 % 21 % 9.4 % 

BUPP 
Mean 1243 28 1.6 417 2.3 

Std. dev. 44 % 63 % 63 % 18 % 41 % 
PR 

Mean 4436 87 3.0 1794 9.3 

Std. dev. 7.8 % 3.8 % 11 % 15 % 10 % 

PRPP 
Mean 1295 44 2.2 597 4.5 

Std. dev. 17 % 5.1 % 21 % 26 % 31 % 
PU 

Mean 975 18 1.8 243 1.1 

Std. dev. 9.7 % 1.4 % 18 % 21 % 18 % 

PUPP 
Mean 1258 51 3.6 1415 3.0 

Std. dev. 22 % 25 % 47 % 63 % 49 % 
PP 

Mean 1400 40 3.2 844 1.7 

Std. dev. 23 % 30 % 45 % 55 % 59 % 

 

 

 

 

 

 

 

Fig. 3. SEM images of BRPP: (a) bottom side and (b) cross-section. 

(a) (b) 

fiber 

fiber and 
polymer blend 

voids between 
fibrous layers 
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The layered structure is even more evident with top and bottom images of BUPP depicted 
in Figure 4. Considering the increasing porous structure of unrefined pulp compared to 
refined one, it is very unlikely that any melted polymer could have penetrated the fiber 
network in the heat press for any of the investigated birch samples.  

 

Fig. 4. SEM images of BUPP, (a) top side and (b) bottom side 

Figures 5(a) and (b) show the layered structure of PRPP with a partially peeled off polymer 
coating on top of the fiber network. Through the thin polymer layer, the fiber network 
underneath is somewhat visible. The polymer layer contains pores in the magnitude of 
several tens of microns wide. These could be due to escaping water from the hydrophilic 
fibers during the hot pressing, though the sheets were thoroughly dried before the 
pressing. In addition to these, the cracks in Figures 5 (c) and (d) also indicate the brittle 
nature of polymer matrix resulting in poor and unstable mechanical properties. 

 

 

Fig. 5. SEM images of PRPP and PUPP, (a) PRPP image showing a peeled off layer of PP, 
(b) PRPP image showing pores in the matrix, (c) PUPP top side image, (d) PUPP cutting 

zone image 
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Further study of the SEM images in Figure 6 shows uneven distribution of polymer 
structure within all the composite and plain polymer sheets. This shows the importance of 
standardization and urge for the development in the manufacturing method. 

 

Fig. 6. SEM images of PP, with (a) 180x and (b) 2000x magnification 

4. Conclusion 

The present study was conducted to understand the effect of inherent incompatibility of 
hydrophilic natural fibers and hydrophobic thermoplastics on the mechanical and thermal 
behavior of their composites. Both the mechanical and thermal measurements exhibited a 
lot of variation and the chosen manufacturing method was deduced to produce 
unsatisfactory properties due to weak bonding between the constituents and existence of 
material defects such as pores, which can be clearly seen in the captured SEM images. This 
shows the necessity of compatibilizer use, which provides the retention and uniform 
mixing in case of constituent incompatibility.  

Since the hot-pressing process was the mere option for the composite handsheet formation 
without damaging the fibers in the present facilities, another major challenge was the 
melting behavior of the PP during the process to get an interconnected and even matrix 
between the fibers. The hot pressing with the used parameters was not able to fulfil this 
task and fiber network was deduced to be dense for a uniform PP flow through. As seen in 
Figure 7(a), warping effect was experienced with most of the composite handsheets after 
hot pressing, which was an evidence of the nonuniform PP flow over the layered structure. 
When cutting the samples, the sheets had to be straightened as depicted in Figure 7(b), 
which caused residual strains as the aftermath.  

 

Fig. 7. Composite handsheets: (a) warping after hot pressing and conditioning to 
standard air moisture, and (b) handsheets to be used for test specimens 
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All these manufacturing-based defects and constituent incompatibility were detrimental 
and resulted in low mechanical characteristics with high variations. Therefore, use of ply 
structure with low grammage and thin layers of fiber network with polymer stacked on 
top of each other in multiple layers could be a potential solution to this issue. In addition, 
increase in the pressure and process time would be also beneficial. Alternatives to hot 
pressing could also be considered, as long as the other methods do not damage the fibers. 
As a summary, the present study, which investigated the interactions between the 
reinforcement and the matrix without a compatibilizer, paved a way for improved natural 
fiber polymer composite manufacturing methods. 
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 Because of their exceptional features, advanced composites with polymer matrix 
attract increasing interest in engineering applications recently. Compared to 
their weight ratio due to the high endurance and hardness values applications of 
polymer matrixed composites of lightweight, low density, and high performance 
are popular in military and civil aerospace, automotive, wind power and many 
other industries. Nowadays, induction heating of the carbon fiber reinforced 
thermoplastic composites is one of the most important worldwide studies. Due 
to the importance of accelerating the rate of production from approximately 
180-240 minutes to a few minutes, in this study, the weldability of the carbon 
fiber reinforced thermoplastic composites was investigated.  
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1. Introduction 

Thermoplastics are composed of linear molecule rings which are tied to each other with 
weak Van der Waals bonds. Thermoplastic materials soften over a critical glass transition 
temperature and viscosity decreases as the temperature raises. These materials become 
solid again when they are cooled. As an advantage, they can be stored in a solid state in 
room temperature. Thermoplastics have high rigidity and impact strength. Thermoplastic 
resins are preferred to increase the tensile and bending strength of the materials. [1] 

Carbon fibers are reinforcing materials with the highest specific modulus and specific 
strength. [2] Combined with epoxy matrixes carbon fibers exhibit extraordinary strength 
and rigidity. They are not affected by humidity and their frictional resistance is very high. 
Their wear resistance and fatigue strength are quite good. Because of these properties, 
they are widely preferred in military and civil airframes. Having expensive production 
methods, they are used in high valued applications of the aircraft industry, sports 
equipment or medical equipment. 

The reasons of the interest on carbon fiber reinforced thermoplastic composites are the 
production processes advantages as short autoclave times, low storage costs and ability to 
be thermoformed again alongside of their mechanic properties as good impact behavior, 
damage tolerance, high-temperature resistance, etc. [3-7]  
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Although it is generally mentioned with metals because of their electrical and magnetic 
properties, effects of induction heating on polymer materials and composites are also has 
been examined in the last decade. [8-20]  

Welding of polymer composites to polymer composites is characterized by heating the 
components over melting temperature, combining them and cooling under pressure. 

Induction heating is based on the effects of induced eddy currents and magnetic 
polarisation. When an alternative voltage is applied to a conductive coil an alternative 
current is generated. When a magnetically susceptible and electrically conductive material 
gets close to the coil’s magnetic field, eddy currents are induced. Eddy currents encounter 
with the material’s resistance and energy is lost by transforming into heat form. [21] 

In welding of thermoplastics, a metal mesh between the contact interface or carbon fiber 
fabric is used along with other methods, but because this study is about induction welding 
we just focused on it. Other induction welding parameters are generator power, weld time, 
pressure and cooling time. [22] 

In the first phase of this study, induction welding capability of 4 different compositions of 
carbon fiber reinforced thermoplastic composites is examined. It is observed from the 
experiments that cross-ply stacks (0°/90°) plates or unidirectional (UD) stacks plates of 
which fibers of interfaces are perpendicular to each other can be welded by ultra-high 
frequency induction system while UD stacks plates with fibers on the interfaces are in the 
same direction cannot. In the second phase, how the induction coil is heating the carbon 
fiber reinforced thermoplastic materials and the heating gradient on the surface and across 
cross-sectional area were observed.   

2. Materials and Methods 

In this study, carbon fiber reinforced thermoplastic (poly ether ether ketone - PEEK) 
composite plates, which have 56% carbon fiber ratio in weight, are used. In the first phase, 
the plates are produced by hot press method and have 14 plies with each ply thickness of 
142 μm of prepregs. These are domestically produced by Mir Unique Solutions Inc. The 
features of the samples are in Table 1. The plates are 20 mm in width, 20 mm in length and 
2 mm in thickness. Two of the plates with the same composition are oriented on top of each 
other and pressed under a standard 1,2 MPa pressure during the welding.  

A 2.8kW and 900 kHz ultra-high frequency induction system is used in atmospheric 
conditions. The cylindrical single turn induction coil has 2 mm diameter as shown in Figure 
1. The coupling distance is 4 mm. The weld times and temperatures are given in Table 2. 

The temperatures of the composites were measured with an infrared pyrometer   (± 5 °C) 
during the process. At the end of the heating process, the samples were left to cool naturally 
to room temperature.  

In the second phase, the plates are produced in autoclave up to 385°C temperature under 
an increasing pressure process up to 0,8 Mpa. These too are domestically produced by Mir 
Unique Solutions Inc. The orientations of the carbon fibers are unidirectional, cross-ply 
stacks (0°/90°) and 5 satin harness (HS) plates. The plates made of multiplies are 20 mm 
in width, 40 mm in length and 2 mm in thickness except for the 5 satin harness plies plates 
due to having 16 plies where the others have 14. Single plies of the compositions are also 
tested where cross-ply stacks and 5 satin harness orientations have 2 plies naturally.  
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Table 1. The features of the samples 

Sample 
no. 

Description of sample 
Contents of 

sample 
The production 

method of sample 

S1 
Two (0°/90°) cross-ply 

stack plates 
PEEK matrice and 

carbon fiber 

Hot (400°C) pressed for 
15 mins and cold 

pressed for 15 mins 
under 5 MPa 

S2 
Two (0°/90°) cross-ply 

stack plates 
PEEK matrice and 

carbon fiber 

Hot (400°C) pressed for 
15 mins and cold 

pressed for 15 mins 
under 5 MPa 

S3 
Two (0°) unidirectional 

(UD) plates on a hot plate 
PEEK matrice and 

carbon fiber 

Hot (400°C) pressed for 
15 mins and cold 

pressed for 15 mins 
under 5 MPa 

S4 Two (0°) UD plates 
PEEK matrice and 

carbon fiber 

Hot (400°C) pressed for 
15 mins and cold 

pressed for 15 mins 
under 5 MPa 

S5 
Two (0°/90°) cross-ply 

stack plates 
PEEK matrice and 

carbon fiber 

Hot (400°C) pressed for 
15 mins and cold 

pressed for 15 mins 
under 5 MPa 

S6 
Two (0°/90°) cross-ply 

stack plates 
PEEK matrice and 

carbon fiber 

Hot (400°C) pressed for 
15 mins and cold 

pressed for 15 mins 
under 5 MPa 

S7 

Two (0°) UD plates, the 
fiber directions are 

perpendicular in the 
contact interface 

PEEK matrice and 
carbon fiber 

Hot (400°C) pressed for 
15 mins and cold 

pressed for 15 mins 
under 5 MPa 

S8 

Two (0°) UD plates, the 
fiber directions are 

perpendicular in the 
contact interface 

PEEK matrice and 
carbon fiber 

Hot (400°C) pressed for 
15 mins and cold 

pressed for 15 mins 
under 5 MPa 

S9 Two (0°) UD plates 
PEEK matrice and 

carbon fiber 

Hot (400°C) pressed for 
15 mins and cold 

pressed for 15 mins 
under 5 MPa 

 

Due to the melting temperature of PEEK matrice (343°C) [23], the samples were heated in 
350, 400, and 450°C for 2 minutes. During the heating process, the temperature of the 
samples’ reverse sides was measured by another infrared thermometer on the projection 
of the coil. 
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Table 2. Welding parameters of samples 

Sample no. Welding temperature     (°C) Welding dwell time (minute) 

S1 280 5 

S2 310 3 

S3 400 5 

S4 310 5 

S5 280 3 

S6 310 5 

S7 400 3 

S8 310 3 

S9 280 5 
 

 

Fig. 1 The cylindrical single turn induction coil. 

3. Result and Discussion 

The weldability results for carbon fiber reinforced thermoplastic composites are 
presented in Table 3. 

Empirical values are applied in weld times because when the heating generation will be 
uniform in the cross-sectional area cannot be assessed in this phase of the study due to the 
lack of thermal camera. The pictures of all of the samples in the study are shown in Figure 
2. 

The samples in Figure 2 are welded because the orientation of the plies of carbon fibers 
are perpendicular to each other that eddy currents were induced in closed loops. These 
eddy currents caused to heat generation.  

In the rest of the samples, welding didn’t occur because of the unidirectional orientation of 
carbon fibers to each other. Although hot plate was used under S3, heat generation was not 
enough to exceed the melting temperature that weld didn’t happen due to the too long 
coupling distance with the hot plate. When the coupling distance is arranged in the field of 
the coil it is assessed that hot plate will be useful to weld. In some of these samples, variable 
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regions have delamination’s or deformations are observed. Because the defining of 
parameters is not studied in this phase, especially with interfaces they are not examined.  

Table 3. The weldability results 

Sample 
no 

Welding orientation 
Result 

(Because of calcification problems of the 
material, results are checked by eyesight only.) 

S1 
Two (0°/90°) cross-ply 

stack plates 
Welded 

S2 
Two (0°/90°) cross-ply 

stack plates 
Welded 

S3 
Two (0°) unidirectional 

(UD) plates on a hot plate 

In line with the theory, eddy current could 
not be generated and although hot plate was 

used heat generation and welding did not 
happen. 

S4 Two (0°) UD plates 
In line with the theory, eddy current could 
not be generated, thus heating and welding 

did not happen. 

S5 
Two (0°/90°) cross-ply 

stack plates 
Welded 

S6 
Two (0°/90°) cross-ply 

stack plates 
Welded 

S7 
Two (0°) UD plates, the fiber 
directions are perpendicular 

in the contact interface 
Welded 

S8 
Two (0°) UD plates, the fiber 
directions are perpendicular 

in the contact interface 
Welded 

S9 Two (0°) UD plates 
In line with the theory, eddy current could 
not be generated, thus heating and welding 

did not happen. 
 

In the second phase, 35 samples are used but because the IR thermometer is not precise 
and the single turn coil couldn’t generate a uniform heat distribution, correct and precise 
measurements couldn’t be done. So the results were not satisfactory and are not given 
here.  

In order to achieve more uniform heating pattern, a new coil design is needed. Thus a new 
coil was designed as in Figure 3. The new coil has 3 mm in diameter due to the restrictions 
of the sample dimensions and the design. 

The coupling distance was arranged as 3 mm at the beginning but desired heating values 
were not achieved because of not enough power of the generator that it was decreased to 
2 mm. The reason for this is assessed as the new coil has a thicker (3 mm) diameter and 
the induction system is designed for a coil with 2 mm diameter. So the power of the system 
was not enough for the new coil.  

The setting point of the pyrometer is shown in Figure 4. The temperatures below the 
samples were measured on two points. These two points are as in Figure 5.  

In the first four samples, it is seen that measured values of single 5 HS stack plates are very 
close to the set temperatures by the pyrometer. 
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a b c 

   

d e f 

Fig. 2. The pictures of the induction welded samples: a) S1, b) S2, c) S5, d) S6, e) S7, f) 
S8 

In 5 and 6th samples, 8 5 HS woven plies stack plates’ measured temperatures, especially 
of the 1st temperature point, are significantly low. Although it is assessed that the reason 
is the increasing coupling distance by the thickness of the plates, 7 and 8th samples do not 
support the assessment. This situation might be a subject of further studies with more 
precise measurement equipment and more samples. 

 

 

Fig. 3 The new coil design 
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Fig. 4 Setting point of the pyrometer. 

In the 9, 10, 11 and 12th samples, measured temperatures of cross-ply stack (0/90) of 14 
plies decrease slightly due to the explanation of 5 and 6th samples.   

As a result of the study, it is observed that setting the pyrometer at 350°C does not provide 
exceeding the melting temperature of PEEK matrices of the samples and it is not a good 
parameter. Thus, 400°C will be used in successive studies. 

 

 

Fig. 5 The measurement points by IR thermometer. 
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Table 4. Heating gradient results. 

Sample no Set Temp.  (°C) 
1st and 2nd Temp. Point by IR 

Thermometer  (°C) 
Sample Architecture 

1 400 365-400 Single 5 HS stack 

2 400 345-400 Single 5 HS stack 

3 350 310-325 Single 5 HS stack 

4 350 310-345 Single 5 HS stack 

5 400 310-330 
8 5 HS woven plies 

stack 

6 400 315-330 
8 5 HS woven plies 

stack 

7 350 295-345 
8 5 HS woven plies 

stack 

8 350 320-350 
8 5 HS woven plies 

stack 

9 400 355-375 
Cross ply stack (0/90) 

of 14 plies 

10 400 295-345 
Cross ply stack (0/90) 

of 14 plies 

11 350 330-345 
Cross ply stack (0/90) 

of 14 plies 

12 350 310-320 
Cross ply stack (0/90) 

of 14 plies 

4. Conclusion 

In line with the theory, welding has occurred in the samples 1, 2, 5, 6, 7 and 8 while in the 
samples 4 and 9, due to no eddy current generation in (0°) UD plates heating and welding 
didn’t happen in contact interfaces. In sample 3, to overcome the mentioned problem, the 
hot plate was placed under the plates but the heat generated in the interface didn’t reach 
the melting temperature that welding didn’t happen. 

Defining the parameters will be the subject of future phases of the study. In the second 
phase, the architecture and orientations of the plates were considered and heating 
gradients of (0°) UD, (0°/90°) cross-ply stacks and 5 satin harness plates with single and 
multiplies were revealed. According to the conclusions of the study; the thermoplastic 
composites with % 56 wt. carbon fiber reinforcement were heated successfully due to the 
response of carbon fibers to induction currents. 
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1. Introduction 

Silica aerogels are extraordinary porous materials with numerous superior properties 
such as very low density (0.003-0.5 g/cm3), high surface area (500-1200 m2/g), and high 
porosity (80%-99.8%) [1-4]. Due to their outstanding properties aerogels are frequently 
used in many applications as thermal insulators [5], catalysis, chemical sensors [6], in drug 
delivery systems [7], acoustic insulators [8] and in space applications [9]. Due to their 
highly developed 3D porous structure, aerogels are also used as nano-fillers in several 
composites production, recently. Many researchers have showed that the addition of 
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 Nowadays, silica aerogels have been widely used in many applications due to 
their extremely low density, low thermal conductivity and high specific surface 
area. Many researchers have proved that the addition of the nanoparticles into 
thermoset polymers resin has influenced the mechanical properties of the 
composites. Epoxy resins are one of the mostly used thermoset polymers. 
Although they have superior mechanical strength, they are usually suffered from 
their fragile structure. There are several additives such as carbon nanotubes, 
nanoclay, calcite etc. that can be added to epoxy resins to enhance their 
mechanical properties such as tensile strength, modulus of elasticity, break 
strain. In this study, the silica aerogels were added as nano-fillers into epoxy to 
investigate the effect of the silica aerogel content on the mechanical performance 
of silica aerogel–epoxy composites. Two different silica aerogel–epoxy 
composites were produced with various silica aerogel content (0.5 and 1 wt. %) 
and effect of aerogel amount on the mechanical and structural properties of final 
nanocomposites was investigated. Silica aerogels used in the study were 
synthesized by traditional sol gel method to obtain versatile silica aerogel–epoxy 
composites. Apart from the classically synthesized silica aerogels, aerogels in the 
present study contain short chained ionic liquid (IL) as porogenic agents. The 
effect of the addition of the silica aerogel on the tensile and flexural properties of 
final composites were observed by the measurement of the tension and three-
point bending tests, respectively according to ASTM standard. The results have 
shown that the mechanical behavior of the epoxy resin was significantly 
influenced by the silica aerogel addition. The mechanical strength of epoxy 
composite with silica aerogel addition was improved compared to that of the neat 
epoxy.  
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nanoparticles such as silica aerogels to polymers can improve mechanical, thermal, and 
electrical properties of epoxy in comparison with the neat composites [10, 11].  Li et.al [2] 
have investigated the mechanical performance and the thermal conductivity of aramid 
fibers reinforced with silica aerogels. They concluded that inorganic fibers reinforced with 
silica aerogels can improve the compressive strength and flexural strength. There are also 
large amount of studies considering the improvement of mechanical, thermal, and 
electrical properties of epoxy resins [12,13]. 

In the recent studies, silica aerogels have become a promising candidate as nano-fillers in 
many composite productions. Maghsoudi and Motahari, in their study, have focused on the 
mechanical, thermal, and hydrophobic properties of silica aerogel–epoxy composites. They 
measured the thermal conductivity and thermal stability of the nanocomposites with 
different silica aerogel contents. They have deduced that mechanical, thermal, and 
hydrophobic properties of silica aerogel–epoxy composites were enhanced by increasing 
the nanoparticle content [14]. Lei et al. have studied the thermal insulation performance 
and mechanical properties of silica aerogel monoliths by mixing graphene oxide. They 
measured the compressive modulus and the thermal conductivity of pure aerogel and 
composite aerogels. The results have showed that the thermal insulation property and 
compressive strength of silica aerogels were enhanced with the addition of graphene oxide 
in the silica matrix [15]. In another study, Li et al. investigated mechanical, thermal and 
flammability properties of glass fiber film/silica aerogel composites. These researchers 
showed that the elasticity and flexibility of the composites were found to be better than 
those of the silica aerogel, and could withstand large amounts of compressive strain 
without failure or cracking [16]. Zhou et al. have investigated mechanical performance and 
thermal stability of glass fiber reinforced silica aerogel composites based on co-precursor 
method by freeze-drying. They concluded that the silica aerogel composites showed 
remarkable mechanical strength and flexibility, which could endure large compressive and 
flexural strain without structural destroyed [17]. Salimian et al., in another study, proved 
that addition of small amount of silica aerogels into epoxy resin significantly increased the 
tensile strength, modulus of elasticity, toughness and glass transition temperature [18]. 
Due to sufficient pore size of silica aerogels, epoxy resin and silica aerogels are easily 
consociated. Besides that, mesopores in silica aerogels filled with epoxy according to dead 
pore ratio. Shafi et al. have used silica gel as a binder or filler in silica aerogel-glass fiber 
composites. Silica gels filled the gap or channel between glass fiber and silica aerogel. In 
this manner, thermal conductivity has decreased without make concessions in 
compression strength. They also conclude that higher than 5 % silica gel addition increase 
the thermal conductivity [19]. Zhao et al. have investigated effects of precursor and catalyst 
contents on microstructural, mechanical, hydrophobicity and thermal conductivity [20]. 
EtOH/MTES (E) and NH4OH/MTES (N) contained aerogels with different ratios of were 
synthesized by sol gel method. Young modulus and contact angle increased with lower (E). 
Additionally, linear shrinkage decreased with higher (N) ratio. Thermal stability of aerogel 
was measured around 350 ºC and maximum contact angle was obtained as 145.6 º. The 
lowest density and thermal conductivity belong to aerogels with E=10 and N=3.6. Aerogels 
could be used up to 40 % strain without permanent deformation. There is hardly any study 
that investigates the silica aerogels containing different porogenic agents and functional 
group as a novel nano-fillers in epoxy resin systems. Hence, this study aims to include the 
ionic liquids in sol-gel process to enhance the morphological and chemical characteristics 
of typical aerogels and therefore to yield a well-defined, mechanically reinforced aerogel-
epoxy nanocomposites.  

In this study, the silica aerogel was added as nano-filler into epoxy to investigate effect of 
the silica aerogel on the mechanical performance of silica aerogel–epoxy composites. Silica 
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aerogels in the study was prepared by sol-gel method, which is simply based on 
consequent hydrolysis and condensation reactions of a silica precursor in the presence of 
proper solvent and catalysts. Preparation of the sol, aging of the gel and drying stages are 
the crucial steps in the sol-gel method. Aging and drying periods are the key steps in the 
formation of three dimensional of porous network and should be carefully carried out. In 
the study, in addition to the classical sol components, organic salts with an extremely low 
vapor pressure called ionic liquids were also included in sol-gel steps to control the aging 
and drying steps and hence to obtained well-developed porous network. 

Silica aerogels mediated with an imdazolium based ionic liquid were used in different 
amounts (0.5 and 1 wt. %) in the production of silica aerogel-epoxy nanocomposites to 
investigate their mechanical properties in this study. The effect of the silica aerogel on the 
tensile and flexural properties of the final composites were observed by the measurement 
of the tension and three-point bending tests, respectively. The results have shown that the 
mechanical behavior of the epoxy resin was significantly influenced by the silica aerogel 
addition. The mechanical strength of epoxy composite with silica aerogel addition was 
improved compared to that of neat epoxy composites. 

2. Experimental 

2.1. Preparation of the Silica Aerogels 

Tetraethylorthosilicate (TEOS) as silica precursor and 3-aminopropyltriethoxy-silane 
(APTES) as co-precursor were acquired from Sigma Aldrich. 1-Ethyl-3-methylimidazolium 
bis(trifluoromethanesulfonyl)imide (EMIMTF2N) was utilized as the short-chain 
imidazolium based ionic liquid, and 3-methacryloxypropyltrimethoxysilane (MEMO) as 
surface modification agent were purchased from Sigma Aldrich. Ethanol (EtOH) and n-
hexane were used as solvents and hydrochloric acid (HCl) was used as the acid catalyst.  

The silica aerogels were prepared by following one-step sol-gel processes containing ionic 
liquid. During the synthesis, TEOS was firstly hydrolyzed by using 0.01 M HCl for 90 min 
by stirring at 25 °C. Then APTES was added to the sol to start condensation reaction. The 
sol component consists of TEOS: APTES: IL: EtOH: HCl with the molar ratios of 
1:0.47:0.14:6.3:7.4×10-5. After complete gelation, the sample was allowed to age for 24 h 
in a polypropylene cylindrical mold to further continuation of the condensation reaction. 
Subsequently, the solvent exchange was carried out by treating the wet gels with fresh n-
hexane for 12 h to ensure complete removal of the impurities within the gel. Then, surface 
modification was conducted by immersing the sample in silylating agent (MEMO) diluted 
with n-hexane at a volumetric percent of 50 % at room temperature. Finally, silica aerogel 
samples containing ionic liquid were dried in ambient condition. 

2.2. Composite Preparation 

The epoxy resin, hardener and mold release were purchased from Fibermak Co. (Turkey). 
As epoxy resin, diglycidyl ether of bisphenol A (DGEBA, trade name F1664) and as amine 
hardener, F3486 were used. The viscosity, density, color and glass transition temperatures 
were 1250‐ 1450 mPa s, 1,1 ‐ 1,2 g/cm3, colorless and 80ºC, respectively. A calculated 
amount of silica aerogel (0.5-1 wt. %) was distributed into epoxy resin using ultrasonic 
homogenizers (Hielscher, UP400S, 400 W and 24 kHz) (Figure 1). Half an hour of 
sonication was applied to silica aerogel-epoxy solution. The working conditions of 
Sonicator were 1 cycle and 100% amplitude. During sonication, solution temperature 
increases, for that reason, the mixture was taken into an ice bath.  
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Fig. 1 Ultrasonic homogenizer for dispersion silica aerogel. 

Mold release was applied to all surfaces of aluminum mold for three times to easily remove 
the completely cured samples from the mold. Entrapped air was removed from both silica 
aerogel-epoxy and silica aerogel-epoxy-hardener mixture by using vacuum pump. When 
no bubbles remained in mixture, liquid was slowly poured into the mold (Figure 2).  

 

Fig. 2 Pouring mixture into aluminum mold. 

Curing of the prepared samples was carried out by arranging the sequence of process. 
Molds were initially kept at 50 °C for 5h. Then the temperature slowly decreased down to 
ambient temperature. After that, the samples were removed from slots. Three sets of 
composites were shown in Figure 3. 
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Fig. 3 Tensile and three point bending samples 

(a) pure epoxy, (b) epoxy - 0.5 wt. % silica aerogel, (c) epoxy - 1 wt. % silica aerogel. 

2.3. Characterizations 

To identify the microstructure of the composites, Scanning Electron Microscopy (SEM) 
images of the samples were taken with various magnification rates.  

Tensile tests were carried out with a universal testing machine (Shimadzu). These tests 
were performed according to ASTM D638-14 and the loading rate was set as 5 mm/min at 
25°C until material failure. The geometry of samples was dog bone therefore rupture was 
observed from the thinner section. During the test, load and displacement data were 
directly received. Then, the load displacement curve for each test was converted to a 
stress–strain curve. Stress and strain formulas were given in Eq. 1 and 2:  

𝜎 =
𝐹

𝐴
  [MPa]                                                                                 (1) 

𝜀(%) =
∆𝐿

𝐿
 𝑥100 

    (2) 

where F is force (N), A is area (mm2), ΔL is elongation (mm) and L is gauge length (mm).  

Three-point bending test was performed with a Shimadzu machine according to ASTM 
D790-17. In this test, the rectangular cross section samples were prepared with 
dimensions of 127x12.7x3.2 mm as shown in Figure 3. Loading rate was set at 2 mm/min. 
The ratio of support span to thickness was 16.  Stress-strain formulas in three-point 
bending were given in Eq. 3 and 4:  

𝜎 =
3𝐹𝑙

2𝑤𝑡2  [MPa] (3) 

𝜀(%) =
6𝛿𝑡

𝑙2
 𝑥100 

(4) 

where F is force (N), w is width (mm), t is thickness (mm) and l is support span (mm), δ is 
deflection (mm).  
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Fig. 4 Photograph of the three-point bending test. 

Tensile and three-point bending tests were repeated five times to achieve reliable results 
for the neat epoxy and each of silica aerogel-epoxy composites. 

3. Results and Discussions 

3.1. Morphology of the Composites 

SEM images of the nanocomposites were obtained to investigate the morphology of the 
final composites and to observe the distribution of the silica aerogel powders in epoxy 
resin. The SEM images of the ionic liquid mediated silica aerogel/epoxy nanocomposites 
were shown in Fig. 5. It can be seen from Fig. 5a-c that the morphology of nanocomposites 
became rougher in the presence of silica aerogels. The small amount of silica aerogel was 
uniformly dispersed in epoxy resin, which resulted in good interfacial adhesion between 
filler and matrix. However, as the amount of silica aerogel addition was increased up to 1 
wt. % in epoxy, aerogel particles tend to agglomerate as small clusters. The possible reason 
for this situation can be the interaction between functional groups on the filler surface and 
matrix that leads less homogeneous dispersion. On the other hand, silica aerogel-epoxy 
composite with 0.5% silica aerogel addition seemed to be distributed more homogenously 
than the composite having 1% silica aerogel addition.  

                      

                              (a)                                                                                                    (b) 
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(c) 

Fig 5. SEM images of SA-epoxy nanocomposites  

a- Epoxy + 0.5 % S.A, b- Epoxy + 1 % S.A,  c- Epoxy + 0.5 % S.A. 

3.2. Tensile Properties of the Composites 

Tensile tests were performed to measure the effect of the silica aerogel particles on the 
mechanical properties of the epoxy composites. Tensile properties of the silica aerogel–
epoxy composites were reported in Table 1.  

Table 1 Tensile properties of silica aerogel-epoxy composite. 

Specimen/Value 
Ultimate Stress 

(MPa) 
Modulus of 

Elasticity (MPa) 
Break strain (%) 

Pure Epoxy 41.725 ± 2.666 316.028 ± 17.797 14.350 ± 2.388 

Epoxy + 0.5 % S.A  49.207 ± 2.611 598.252 ± 49.907 10.951 ± 1.529 

Epoxy + 1 % S.A  53.939 ± 2.022 566.204 ± 7.993 11.760 ± 0.951 

The modulus of elasticity (Young’s modulus) of the samples was identified by the slope of 
the initial linear portion of the stress-strain curve obtained during tensile tests. Stress – 
strain curve of the one of the specimens in each group was shown in Figure 6.  

 

 

Fig. 6 Tensile stress – strain diagram of nanocomposites 

The first considerable outcome was that the tensile strength significantly increased with 
addition of small amount of silica aerogel. The increment of tensile strength was 18 % and 



Ünal et al. / Research on Engineering Structures & Materials 6(1) (2020) 85-95 

 

92 

 

29 % compared to pure epoxy for 0.5 and 1 wt. % silica aerogel composites, respectively. 
In addition, rigidity of epoxy composite increased with silica aerogel addition. 
Approximately, twice of modulus of elasticity was obtained with 0.5 wt. % silica aerogel 
addition. The reason for increment of tensile strength and modulus was due to the high 
specific surface area of silica aerogel. Because of this, content area between silica aerogel 
and epoxy was sufficient to transfer forces to matrix.  

However, elongation at break for silica aerogel composites was smaller than that of pure 
epoxy. The decrement of break strain was found 24 % and 18 % for 0.5 wt. % and 1 wt. % 
silica aerogel composites, respectively. Silica aerogel may have caused micro-crack 
formation and early failure. 

3.3. Flexural Properties of the Composites 

The reaction of composite for bending moment was obtained with three-point bending 
test. Samples were placed on two stationary supports and load was applied on the middle 
of the sample. Flexural stress, modulus and break strain were calculated. Flexural modulus 
was obtained with drawing a tangent line to stress-strain curve. Flexural properties of the 
silica aerogel–epoxy composites were reported in Table 2. 

Table 2 Flexural properties of silica aerogel-epoxy composite. 

Specimen/Value 
Ultimate Bending Stress 

(MPa) 
Bending Modulus 

(MPa) 
Break strain 

(%) 

Pure Epoxy 108.484 ± 6.199 2960.623 ± 188.427 13.113 ± 3.189 

Epoxy + 0.5 % S.A 115.892 ± 4.894 3475.490 ± 169.119 13.610 ± 0.211 

Epoxy + 1 % S.A 99.497 ± 4.190 2831.092 ± 158.945 13.434 ± 1.292 

Flexural properties divided from tensile properties. Ultimate bending stress and bending 
modulus were increased for 0.5 wt. % and decreased for 1 wt. % silica aerogel composites. 
Composite with 0.5 wt. % showed 7 % and 17 % increase in bending stress and bending 
modulus, respectively. Additionally, increase in flexural break strain was not significant. 
Only 4 % increment was observed. The stress – strain diagram for one specimen in each 
group was plotted in Fig 7. 

 

 

Fig. 7 Three point bending stress – strain diagram of nanocomposites 
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When silica aerogel content was 1 wt. %, ultimate bending stress and bending modulus 
were smaller than that of pure epoxy. 8 % and 4 % decrement were observed, respectively. 
Moreover, flexural break strain showed medium results. It was located between pure and 
containing 0.5 wt. % silica aerogel composite. By adding 1 wt. % silica aerogel into epoxy, 
flexibility of the composite was increased. Since 0.5% silica aerogel containing epoxy was 
produced homogenously, it was resulted in good bending properties. On the other hand, 
increasing aerogel content in epoxy resin has caused some agglomeration within the 
matrix and hence, it resulted with local concentrated stress and bending strength 
decreased for this reason.  

4. Conclusion 

In this study, the effect of silica aerogel on the mechanical properties of epoxy composites 
was investigated. Silica aerogels were produced with sol gel method. Two silica aerogel–
epoxy composites with different silica contents were prepared to perform mechanical 
tests. Silica aerogels were distributed into epoxy resin by ultrasonic cavitation technique. 
ASTM D638-14 and D790-17 standard mechanical tests were performed. The mechanical 
analysis displayed that the tensile and flexural properties was influenced by the addition 
of the silica aerogel with increasing weight percent from 0.5 wt. % to 1 wt. %. In addition, 
significant improvements in the Young's modulus (89 %), tensile strength (18 %) and 
flexural modulus (17 %) were observed with the optimal content of silica aerogel (0.5 wt. 
%). Due to the large pore volume of silica aerogels and strong interaction with epoxy, 
mechanical properties of nanocomposites were increased. Epoxy resin filled the pore of 
silica aerogel and structural rigidity increased.  

The results showed that the break strain of the neat epoxy composite decreased with 
adding silica aerogel content in tensile test. Due to the strong interfacial interaction 
between silica aerogel and epoxy resin, nanocomposites showed rigid structure. Although 
strength increased, break strain value decreased due to brittle behavior of the 
nanocomposites. The maximum bending strength, modulus and strain at break was 
attributed to the composite containing 0.5 wt. % silica aerogel in comparison to the neat 
epoxy. However, the flexural properties of the composites decreased when highest silica 
aerogel content was used. As seen from the SEM images, the bending properties of the 1 
wt. % silica aerogel containing nanocomposite, which tends to agglomerate, was lower 
than that of pure epoxy. 
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 Crowns are materials that attracting the attention and lithium disilicates among 
them widely used because of their high bulk mechanical features. Increasing the 
bioactivity of crowns has generally been a common aspect of all studies. In this 
study, lithium disilicate dental blocks were coated with bioactive calcium–
phosphate components using sol–gel dip–coating methods to increase their 
surface bioactivity. Two coating methods called as slurry and powder methods 
were proposed to obtain dense and remarkable layer on the lithium disilicate 
substrates. The coating layers were characterized by scanning electron 
microscopy attached with energy dispersive spectroscopy. Coating procedures 
have successfully accomplished and show enhanced surface properties with 
terms of calcium/phosphate ratios. Tri–calcium phosphate obtained by the 
slurry method, which has 1.5 calcium/phosphate ratio, is a favorable structure 
for bio–absorbable. However, the powder method has approximately 1.67 
calcium/phosphate ratio which necessary for hydroxyapatite (HA) structure for 
higher crystallinity and lower solubility properties. 
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1. Introduction 

In the area of dentistry, highly detailed studies have been carried out for the restoration of 
the teeth that have been decaying, ageing or lost their function. As the technology 
progresses, always there is another innovation in the field of health. Especially in recent 
years, CAD/CAM technologies which have come into our lives have caused many 
developments in the field of dentistry. With the help of the new computer–aided image and 
design technology developed within this scope, it is possible to have new teeth in a short 
time like 40min [1]. The crown is a method of restoring damaged teeth for various reasons. 
Crowns can be used as an implant superstructure to prevent weakened teeth from 
cracking, repair a broken tooth, make a bridge, overcoat a lost or deformed tooth due to 
excessive caries. It can be made of full–metal, metal–backed porcelain or full–porcelain. 
Crowns are prepared according to the model. If porcelain is used, the natural tooth tone is 
determined and the support adheres to the tooth [2]. Ceramic dental materials used in 
CAD/CAM processes are classified according to their chemical content; feldspathic, low 
leucite–containing glass, lithium disilicate and mica reinforced, alumina and magnesium 
ceramics. The lithium disilicate consists of several randomly interleaved layers. In terms 
of fracture resistance, the needle–like crystals prevent both cracking and divergence of the 
cracks [3]. 
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On the other hand, the biggest advantage of lithium disilicate crowns is that it does not 
need any reinforcing elements such as metal or zirconium in its infrastructure. In other 
words, they are kind of a porcelain type that has been made more than 3 times more 
durable than classical porcelain. So, what brings us to this increase in endurance? The fact 
that a prosthesis can be made without the use of a substructure gives us a great advantage 
in mimicking the characteristic appearance of natural teeth under the light. Besides, the 
fact that it can be worked with thinner means that less tissue will be removed from the 
teeth on which it will be made. According to the location of the prosthesis to be made, 
dentists had to make difficult decisions to be durable or aesthetic [4]. 

Calcium phosphates have the ability to increase bone formation in the surrounding tissue 
and implanted in the human skeletal system. They are used extensively as coating 
components due to the higher osteoblast orientation capabilities. The apatite compound 
of calcium phosphates is almost identical to the mineral phase of bone and tooth, especially 
HA [5]. 

Many techniques can be used for the coating of ceramic dental blocks such as sol–gel dip–

coating, plasma electrolytic oxidation and plasma spray [6-8]. However, among these 
techniques, sol–gel dip–coating has easier process steps and also cheaper than others.  

A similar study was done on zircon blocks by Azari et al. [9] and compared thermal coating 
and air abrasion methods. As a result of the study, the crystalline HA structure was found 
in the thermal coating method while in the air abrasion method HA mini–islands were 
encountered. Another research conducted by Azari et al. [10], suggested that HA coatings 
on zirconia blocks could be a solution for increasing the adhesion strength of resin cement. 
In another study on bone tissue formation, it was observed that HA coatings on zircon 
block contributed to the formation of new bone tissue [11]. It has been stated by many 
researchers that there will be no problems with adhesion resistance at the abutment–

crown interface with the use of hydrofluoric acid [12,13]. However, different surfaces are 
being studied to investigate the living cell reaction at the interface [14]. Therefore, it has 
become necessary to investigate whether the bioactivity can be increased by coating 
lithium disilicate surfaces. 

In this study, lithium disilicate dental blocks were coated with calcium phosphate 
components to increase their surface bioactivity. Two different coating methods (called as 
a slurry (LD-S) and powder (LD-P) methods) were proposed to obtain dense and 
remarkable layer on the lithium disilicate substrates. The synthesis steps are discussed in 
details, comparatively. 

2. Materials and Methods 

Lithium disilicate materials with dimensions 14.4×14.4×18mm were used as a substrate 
for coating procedures (Ivocolar IPS e.max CAD). The standard structure of blocks was; 
57.0-80.0% SiO2, 11.0-19.0% Li2O, 0.0-13.0% K2O, 0.0-11.0% P2O5, 0.0-8.0% ZrO2, 0.0-8.0% 
ZnO, 0.0-10.0% other oxides (Al2O3 and MgO) and consists of 0.0-8.0% color oxides by 
means of weight. First of all, the samples were sandblasted by Al2O3 particles of 150µm. 
The aim of sandblasting is to obtain better wettability between substrates and coating 
layer. Subsequently, the surface cleaning process was carried out in distilled water (DW) 
for 15min in order to remove surface residues after sandblasting. 

Two different coatings procedures (LD-S: slurry) and (LD-P: powder) were used to 
examine the characteristics of HA coatings synthesized on the base materials. The first one 
is the dipping into the slurry solution and the other is powdered and sintered HA's into a 
solution and the surface is coated with a dipping process. Agar was used in order to obtain 
a higher wettability on the surface. Synthesis of the LD-S coatings, the sol–gel method was 
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used in which low sintering temperatures were sufficient, allowing complex shapes to be 
easily coated. In the synthesis of the sols, ethyl alcohol (Sigma–Aldrich), calcium nitrate 
tetrahydrate (Calcium source: Ca(NO3)2∙4H2O, Sigma–Aldrich), di-ammonium hydrogen 
phosphate (Phosphate source: (NH4)2HPO2, MERCK) and agar (MERCK) were used as 
precursors. The amount of precursors which used for procedures was determined from 
the Ca/P stoichiometric ratio of HA. 12.619g of calcium nitrate tetrahydrate and 4.457g of 
phosphorus pentoxide were dissolved in two separate 500ml breakers with 100 and 
120ml DW, respectively. After one hour stirring 75ml ammonia was added to (NH4)2HPO2 
solution and stirred 10min more. Then Ca solution, 1.708g agar (1wt%) was added to P 
solution slowly, and 10min stirred. The mixed solution was heated until boiling and stirred 
10min while boiled. The boiled solution was waited in order to the aging of sol. for 24h. 
Unlike the LD-S procedure, LD-P procedure has different steps. Firstly, the slurry solution 
(LD-S procedures last step) filtered for 1 day to squeeze the excess amount of ammonia in 
the solution. Then dried in an oven at 200°C for 4h, to evaporate the residual ammonia and 
organic components in the wet cakes, and pulverized with the aid of a mortar. The CaP 
powders were sintered at 1000°C for 1h. 2g CaP powder was mixed for 2h in 50ml DW for 
obtaining coating sol. After these steps, both sols were homogenized ultrasonically for 
20min at 25% duty rate to obtain homogenous sol. before dipping. The samples were dip-
coated for three times to obtain thicker films on its, and every dip-coating steps were pre-
dried at 40°C for 5min. Finally, samples were sintered for 2h at 300°C for LD-S and 200°C 
for LD-P procedures. In pre-sintering trials, small burn marks on the surfaces of lithium 
disilicate materials were effective in the selection of sintering temperatures. In the LD-S 
procedure, the sintering temperature is determined as 300°C, because the reactions 
between Ca and P can be occur. In the LD-P procedure, since the powders were sintered at 
1000°C before coating, 200°C sintering temperature was considered sufficient. The 
algorithmic flow chart of both procedure is presented in Fig. 1. 

Phase formations in the coatings were investigated by X–Ray diffraction (XRD, Bruker D8). 
XRD analyses were performed on a stage which using a radiation wavelength λ=1.54056Å 
X–ray source with a scan rate of 0.06°∙s-1 between 10 to 90°. Microstructural 
characterization of the coatings was performed using scanning electron microscopy (SEM, 
JEOL JSM-6335F) and energy dispersive spectroscopy (EDS, Oxford Inca). Because the 
coatings are ceramic–based, they were coated with Au–Pd alloy prior to the examination to 
improve the image quality for SEM and EDS examinations.  

4. Results and Discussions 

SEM surface morphology and EDS result of LD-S coated samples are given in Fig. 2. When 
the SEM surface morphologies are examined, it is seen that there are micron–size pores in 
some parts of the coating structure. It is thought that these micron–sized pores formed 
because of the lack of surface wetting by the LD-S solution. It was also mentioned by other 
researchers that the nano–sized crystal structures in the pore were lithium disilicate [15]. 
Researchers reported that the nano–sized lithium disilicate crystals which noodles–like 
shaped could improve the strength of the material because of the different orientation of 
these crystals [3]. This situation was also determined by EDS analysis that the electron 
energy distribution of Si element was observed at 1.739 keV.  
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Fig. 1 Algorithmic flow charts of (a) LD-S and (b) LD-P synthesis of HA sols 

 

Fig. 2 SEM surface morphology of LD-S coated sample and EDS result 

On the other hand, calcium and phosphate elements on the surface have been proven by 
EDS analysis, and the Ca/P atomic ratio (~1.49) was determined to be tri–calcium 
phosphate (β–TCP, Ca/P ratio 1.5) [5]. It has been mentioned by many other researchers 
that this β–TCP structure has lower crystallinity compared to the HA structure and resulted 
in higher solubility but has similarly improved osseointegration properties [16]. The low 
Ca/P ratio and low crystallinity values achieved may be due to the fact that coating 
components are made at low sintering temperatures (300°C for LD-S). On the other hand, 
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high sintering temperatures to be used in the coating affect the long–term service life as it 
causes permanent damage to the substrate or changes in the grain structure. 

 

Fig. 3 XRD result of LD-S coated sample, legends are; ↓ HA, ◊ Cristoballite (SiO2), ■   
Li2Si2O5, ▼ Trdymite (SiO2), +Li2SiO3, □ β–TCP 

XRD analyze of LD-S coated samples was given in Fig. 3. As shown from XRD result of LD-S 
sample, β–TCP structure was confirmed with 09-0348 JCPDS card number. This result 
agrees with EDS analyze result. LD-S coated samples show small amount of HA peaks (09-

0432) which may be observed as it is sintered at the β–TCP–HA transition temperature. On 
the other hand, different phases such as Cristoballite (SiO2), Trdymite (SiO2), Li2Si2O5 and 
Li2SiO3 were found from the base material (JCPDS card numbers are; 01-0424, 01-0378, 
040-0376 and 010-0017 respectively). It is thought that phases which contain lithium and 
silicate come from the substrate materials, due to the inhomogeneous surface morphology 
of the coating.  

 

Fig. 4 SEM surface morphology of LD-P coated sample and EDS result 

The SEM surface morphology and EDS results of the coating synthesized by the LD-P 
method are shown in Fig. 4.  It can be shown that from Fig. 4 the surface is smoother than 
LD-S and has nano–sized pores. These nano-sized pores may responsible for enhanced 
biocompatibility. Unlike the LD-S method, the Ca/P ratio was measured as 1.67 in this 
method, atomically. In order to determine whether HA which another calcium phosphate 
structure is formed, the researchers decide either the Ca/P ratio or the XRD test. As it is 
known from the literature, the Ca/P ratio of HA is 1.67 and it is the same as the value 
obtained in this method [17,18]. It was determined that the Na, Si, and K elements of the 
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EDS results from the blocks which used as substrate material [2], Al element was 
determined due to the blasting process applied before the coating. The high crystallinity of 
the HA shows that it will not dissolve easily and have a long life in the physiological 
environment. The surfaces similar to the surface of the LD-P were also obtained by other 
researchers [19,20].  

 

Fig. 5 XRD result of LD-P coated sample, legends are; ↓ HA, ◊ SiO2, ■   Li2Si2O5, ▼ SiO2, 
+Li2SiO3 

Phase formations and transformations (XRD result) of LD-P coated samples are presented 
in Fig. 5. These results were in agreement with SEM/EDS results. When compared with 
XRD results of LD-S samples, it is seen that XRD peak widths of LD-P samples are narrower 
and this may be caused by pre–sintering process applied in LD-P method. Unlike LD-S 
method’s XRD result, LD-P coated sample has completely HA phases on it.  

Findings from the studies emphasized that agar causes Ca deficiency in HA structure [21]. 
Ouyang et al. [22] were found that the amount of agar decreased to about 30% by weight, 
but not completely decomposed by heat treatment at 300°C. The difference in Ca/P ratios 
between LD-S and LD-P procedures is thought to be due to the agar's removal from the 
coating composition after 1000°C of heat treatment for powdering in the LD-P procedure. 
As can be seen from the researches, the sintering temperature of the LD-S procedure was 
300°C, did not completely decompose the agar from the coating composition. Thus, it is 
evident that a small amount of agar remaining in the coating composition leads to Ca 
deficiency and a low Ca/P ratio. Besides SEM/EDS analyses, phenomenon which formation 
of both β–TCP and HA, proved by XRD results. Li2Si2O5 was major phase from substrate 
materials but there is a small amount of SiO2 and Li2SiO3 peaks which may occur nucleation 
of Li and Si during sintering. It’s thought that such higher intensities, as can be seen in XRD 
results, are favorable to human body due to the lower soluble behavior. 

Also, as Narayanan et al. [23] mentioned, β–TCP stated that it could be absorbed in the body 
and HA could not be absorbed. While absorption in the body is a more important condition, 
due to the unpredictable dissolution behavior of β–TCP, HA which has high stability 
properties, is more desirable. After all these results and discussions, the LD-P procedure is 
thought to be an alternative coating procedure for lithium disilicate ceramics due to its HA 
structure and surface homogeneity. HA formation on LD-P coated samples were proved by 
XRD results. In addition, it is thought to have a positive effect on cell growth at the 
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abutment–crown interface with its optimal Ca/P ratio and will not cause any adverse 
reactions.  

5. Conclusion 

In this study, lithium disilicate blocks used in the field of dentistry were investigated by 
using two different methods and their ability to form a possible calcium phosphate 
component was investigated. The coatings obtained in the LD-P method were found to be 
more preferable both as surface morphologies and Ca/P ratio. In the literature, there are a 
few studies which conducted on surface morphologies of HA coatings on lithium disilicates 
but it is suggested that osteoconductivity or osteoblast formability tests of the coatings 
synthesized by both methods will be made and investigated in the future. 
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