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Abstract 

ZnO is a well-known traditional industrial material which has high potential to become one of the key 

components for the next generation of future electronics, LED emitters, visible light photocatalysis and 

others. In its pristine form ZnO has relatively wide band gap of approximately 3.4 eV, but a lot of 

emerging applications requires some level of electronic structure engineering and structure optimisation. 

Studies show that ZnO properties strongly depend on the intrinsic defects type and concentrations. Both 

characteristics usually are depending on the synthesis method. Accordingly, there is great interest to 

develop new methods which would allow to obtain ZnO with optimised band gap and other properties. 

In current, study ZnO films were deposited using reactive magnetron sputtering with unconventional 

Ar-O2 gas mixture supply control: Ar flow was controlled to maintain total gas pressure at 1x10-2 mbar, 

whereas O2 flow rate was actively adjusted to maintain the selected intensity of optical zinc emission 

from the working cathode zone. Applying such ZnO formation method it was possible to stabilise 

reactive magnetron sputtering process over wide range of conditions. Elemental composition analysis 

by XPS revealed that despite large variations in Zn emission peak intensity within tested experimental 

conditions all films had nearly identical Zn:O ratios but at the same time their structural and optical 

properties differed significantly. The colour of the films varied from highly transparent yellowish-

greenish, to intense orange, to opaque black. XRD analysis showed that films consisted of single 

polycrystalline wurtzite phase with varying orientations. PL spectroscopy analysis revealed that films 

had a lot of various defects including oxygen and zinc vacancies, interstitials and surface defects. Wide 

variation of ZnO properties obtained by different reactive sputtering conditions demonstrates the 

potential of the proposed method to control the formation of various intrinsic defects and to tailor their 

concentration. 

Keywords: ZnO films, reactive magnetron sputtering, photoluminescence, structural defects, energy 

levels, optical properties.  

1. Introduction 

ZnO has an intriguing set of properties: direct wide band gap of 3.44 eV at low temperatures and 

approximately 3.3 eV at room temperature [1], [2]; relatively large exciton binding energy of 

approximately 60 meV [3], [4]; strong piezoelectric and pyroelectric properties [5]; intensive 

luminescence in the visible light spectra [6], [7]; strong sensitivity of surface conductivity to interaction 

with surrounding liquids and gases [8]; non-linear electrical resistance [9]; second- and third- order non-

linear optical properties [10]; high thermal conductivity [11], [12], etc. Exploitation of these properties 

already made ZnO an important industrial material which is widely used in numerous applications 

starting from additives to rubber matrix [11] to improve its thermal conductivity or as main functional 
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material in varistors [9] and finishing with various advanced optical and semiconductor-based 

technologies [13].  

As semiconductor ZnO is quite similar to the more established GaN [14]. Unfortunately, up to now ZnO 

still suffers from several issues which were already successfully solved for GaN. Probably the biggest 

challenges (and opportunities) are related to the ability to reliably produce stable p-type ZnO in bulk or 

film form [15]. This issue is potentially strongly related to the peculiarities of ZnO structure and its 

tendency to form native or intrinsic defects [14]. More recently, it was shown that type and prevalence 

of intrinsic defects is strongly related to the specific ZnO synthesis methods and that they might be 

acting to compensate some other features of the structure (for example intentional or unintentional 

doping). Accordingly, there is still a lot of efforts to find new or improved ZnO synthesis methods which 

would open up wide possibilities to form p-n junctions, and to use other semiconductor engineering 

techniques to produce ZnO based laser, LEDs, photocatalytic devices, etc [15].  

During our previous study [16] we demonstrated that it is possible to use reactive magneton sputtering 

with unconventional gas phase composition control method and to stabilise ZnO film formation in 

between “pure” oxide and “pure” metallic phases. In current study we further examine the possibilities 

of the proposed gas phase control method and provide more details on the specific structural and optical 

characteristics of ZnO films.  

2. Methodology 

2.1. Film deposition 

All investigated ZnO films were deposited by magnetron sputtering performed at custom modified 

PVD-75 physical vapor deposition system (Kurt J. Lesker Company) equipped with cryogenic vacuum 

pump. Ultimate vacuum pressure prior to each experiment was at least 1x10-7 mbar. Sputtering was 

conducted using one Torrus 3 magnetron with metallic Zn disk (76 mm diameter, 99.99 % purity) as 

primary cathode material (sputtering target). Magnetron was powered by Kurt J. Lesker R301 radio 

frequency (RF) power supply working at experimentally preselected 150 W power level. Films were 

deposited on borosilicate glass discs (diameter - 30 mm) which have high transparency in visible and 

near-UV spectra.  

In our previous study [16] we demonstrated that RF magnetron sputtering of Zn target in reactive Ar:O2 

atmosphere using fixed Ar:O2 gas flow ratios has a tendency to a) poison Zn target surface by oxygen 

and to switch to ZnO oxide deposition mode; or b) to clean Zn target from oxygen and to switch to 

metallic Zn film (with some oxygen impurities) deposition mode. The transitional range of Ar:O2 gas 

flow ratio between oxide and metallic film deposition modes was relatively narrow and had strong 

hysteresis, therefore film deposition in this region was unstable and their properties were not repeatable.  

 

 

Fig. 1: Relationship between relative Zn emission intensity, O2 flow rate and Ar:O2 gas flow rate ratio. 

 

In order to stabilize deposition process inside this narrow transitional range an alternative O2 and Ar gas 

supply method was developed. By this method Ar Mass Flow Controller (MFC) was connected to the 

vacuum meter and controlled to maintain total pressure constant at 1x10-2 mbar. At the same time 

independently from the argon supply, oxygen MFC was connected to the interface of optical 

spectrometer (Flotron X, Nova Fabrica Ltd) whose feedback signal was used to maintain the selected 
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intensity level of Zn emission peak from plasma above Zn target in 478-480 nm spectral range. This 

approach has proven to provide reasonable magnetron sputtering process stabilization inside the 

transition region, although Ar:O2 MFC flow rate ratio changed faintly (Fig. 1). 

For current study, ZnO samples were synthesized maintaining relative Zn peak intensity at 30, 40, 50, 

60 and 68 % (for the simplicity in the following text samples will be named only by the percentage of 

the corresponding relative Zn peak intensity). Sample deposition rates had nearly linear dependence on 

relative Zn intensity (Fig. 2) and varied between approximately 32 and 115 nm/min. Accordingly, during 

fixed 60 min deposition time reactive magnetron sputtering produced films with thickness ranging from 

approximately 1900 nm up to nearly 7000 nm, 

 

 

Fig. 2: Deposition rates and sample thickness obtained using different relative Zn emission intensities. 

2.2. Film characterisation 

Crystal structure of deposited films was investigated by X-ray diffractometer (Bruker D8) operating 

with Cu Kα radiation. Surface microstructure of the films was analysed by Scanning Electron 

Microscope (Hitachi S-3400N). Optical transmittance of the films was measured using UV–Visible–

near-IR spectrophotometer (Jasco V-650) at normal incidence from 350 nm to 800 nm. Band gap values 

were calculated from the Tauc plots. Elemental composition was estimated using XPS (PHI 5000 

Versaprobe) with Ar+ ion pre-sputtering.  PL spectroscopy measurements was performed using 

Edinburgh Instruments FLS980 instrument with 340 nm excitation source.  

3. Results and discussions 

Traditionally ZnO films deposited by RF magnetron sputtering in oxygen rich gas mixtures form 

wurtzite crystal structure [17] which appears transparent and nearly colourless or has only light 

yellowish-greenish shade. In current study 30 % and 40 % samples matched those traditional 

characteristics of commonly observed ZnO films: deposited films had characteristic shade (Fig. 3) and 

their optical transmission reached up to 80-90 % (Fig. 4).  

 

 
Fig. 3. Visual appearance of ZnO films. 

By increasing Zn peak intensity (i.e. by reducing partial oxygen pressure) tone of the films got darker 

and their optical transmission decreased significantly. Eventually, films deposited using largest Zn 

emission intensity were almost black with nearly no transmission in whole visible light spectra. It can 

be noticed that reduction of optical transmission of the films is not uniform and is stronger at the lower 

wavelengths than at the higher end of the spectrum. Moreover, darkening of the films is accompanied 

by the shift of the absorption edge to higher wavelengths and corresponding reduction of the band gap 

from 3.22 eV to 3.06-3.08 eV.  
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Fig. 4. Optical transmission spectra and band gap values of ZnO films. 

Interestingly, the lowest band gap values were observed for 50 % and 60 % samples which have 

significantly different optical and structural characteristics. 60 % sample has intense orange colour 

which is quite typical for the natural ZnO mineral – zincite [18], but up to our knowledge was never 

reported for the ZnO films produced by magnetron sputtering. The possibility of observation of zincite 

phase is also indirectly rejected by the mismatch between reported band gap of zincite which is 

approximately 3.2 eV [19] and experimentally observed value of 3.08 eV. Also, the presence of zincite 

phase is not confirmed by XRD (Fig. 5) which shows that 60 % sample has the same wurtzite ZnO phase 

as all other samples. On the other hand, despite the presence of only one crystal phase (namely wurtzite 

ZnO), XRD patterns reveal that between the samples there are some noticeable differences in their 

crystallinity and even more pronounced discrepancies in their orientation distribution.  

 

 
Fig. 5. XRD patterns of ZnO films 

Starting from the 30 % sample, one can see that it has highly crystalline ZnO phase with totally 

dominating (002) orientation. (002) plane (at approximately 34.5°) of wurtzite ZnO has the lowest 

surface free energy [20] and it is observed by almost all researchers who perform magnetron sputter 

deposition of undoped ZnO films. When film deposition is performed using higher Zn peak intensities 

(i.e. lower partial O2 pressures), new crystalline orientations emerge: (100) at approximately 31.8°; (101) 

at 36.4°; (102) at 47.6°; (110) at 56.7°; (103) at 63.1°; (112) at 68.1° and (201) at 69°. Interestingly, 60 

% and 68 % samples both have polycrystalline structure with generally similar orientation distribution, 

but this distribution is much different from the 40 % sample which also has several strongly expressed 

orientations, but their relative intensity distribution is significantly different. More specifically 40 % 

sample has strongly expressed (101) and (103) planes which are quite weak in 50 %, 60 % and 68 % 

samples.  
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Fig. 6. PL spectra of ZnO films. Main peaks are attributed to following transitions reported in 

literature [1]: CB-VB (375-380 nm), CB-VZn (408 nm), CB-Oi (428 nm), Zni-VZn (437 nm), surface 

defects of ZnO (451 nm and 483 nm), CB-VO (515 nm). 

XPS elemental composition analysis revealed that all samples have oxygen concentration of 42.1-42.4 

at. % and Zn concentration of 57.6-57.9 at. %. No significant variation in Zn:O ratio (all concentration 

variations were random and did not exceeded typical XPS error) and relatively strong variation in 

preferred crystal plane orientation suggests that reactive magnetron sputtering process with 

unconventional gas phase control method allowed to introduce subtle changes in ZnO microstructure. 

PL spectroscopy data (Fig. 6) confirms such assumption and indicates that most of the discrepancies 

between the samples can be related to the different concentrations and/or type of intrinsic defects. For 

instance, 30 % and 40 % samples probably had all types of possible intrinsic defects and consequently 

had relatively strong PL radiation with numerous peaks placed mostly at the low end of the visible light 

spectra. 50 %, 60 % and 68 % samples had considerably less PL peaks and suggested more homogeneous 

and better ordered structure of the films. In this respect, we would like to pay special attention to 50 % 

sample. This sample had the smallest band gap value, but at the same time it had the steepest adsorption 

edge, the most uniform light transmission over all visible light spectrum and the smallest intensity of 

PL peaks which could be attributed to intrinsic defects. Moreover, it had relatively uniform surface 

microstructure consisting from small (approximately 1 µm in diameter) pyramidic formations (Fig. 7), 

meanwhile SEM images of other samples surfaces revealed that they had considerably larger and, in 

most cases, non-uniformly shaped formations. 

 

 

Fig. 7. SEM images of ZnO film surfaces 

4. Conclusions 

In current study ZnO films were deposited by reactive magnetron sputtering technique with 

unconventional control of the Ar-O2 working gas mixture supply. Elemental composition analysis by 



 

Page 6/7 

XPS revealed that all tested films had nearly identical Zn:O ratios but at the same time their structural 

and optical properties differed significantly. The colour of the films varied from highly transparent 

yellowish-greenish, to intense orange, to opaque black. XRD analysis showed that films consisted of 

single polycrystalline Wurtzite ZnO phase with varying orientations. PL spectroscopy analysis revealed 

that films had a lot of various defects including oxygen and zinc vacancies as well as their interstitials 

and surface defects. Wide variation of ZnO properties obtained by different reactive sputtering 

conditions demonstrates the potential of the proposed method and opens up new possibilities to control 

the formation of various intrinsic defects and to tailor their concentration. 
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Abstract 

Current biological sensing technologies of bacteria are time consuming, labor intensive and thus expensive. 

Furthermore, their accuracy and reproducibility could be improved. Conventional electrical measurement methods 

might combine high sensitive sensing systems with biological requirements. A promising approach is the trapping 

of bacteria on the surface of the gate-electrode of a modified field-effect transistor (FET) using porphyin based 

self-assembled monolayers (SAMs). 5,15-A2BC-type porphyrins were synthesized originating from a 5,15-

diphenylporphyrin with the functionality to connect to a gold surface. The SAM formation on the surface of the 

gold electrode was proven by well-established analytical methods. In this work a synthesis route is presented for a 

linker which is attached to a peptide or cysteine group for trapping of Gram-negative bacteria. Fluorescence 

lifetime imaging microscopy (FLIM) measurements of porphyrin-stained bacteria were performed to verify the 

linkage ability. 

Keywords: porphyrin, self-assembled monolayer (SAM), detection of Gram-negative bacteria, sensing of bacteria. 

1. Introduction 

Due to the fact, that more than half of the yearly infections are caused by E. coli (Escherichia coli), a fast and 

reliable detection method is of high interest.[1] Currently, detection methods are cell culturing, polymerase chain 

reaction (PCR) or enzyme-linked immunosorbent assay’s (ELISA). Cell culturing or a PCR tests attain in high 

sensitivity, but for these methods specialized equipment and educated personnel are required and they are time 

consuming. Rapid detection is achieved with ELISA, but with the considerable drawback of a high error rate (so-

called false-positive).[2-4] The development of a sensor for a fast, accurate, cost-effective, and highly sensitive 

detection despite simple handling is the aim for next generation of bacteria detection. In our contribution we present 

a novel bio-linker which has the ability to retain the bacterial cell on the sensor surface to avoid further sample 

preparation. As sensing device, a field-effect transistor (FET) is utilized which can sensitively detect changes in 

the current-voltage characteristics due to attached bacteria cells. The gate contact is coated with a bio-inspired 

porphyrin. Porphyrins are of great interest due to their biological compatibility, their fluorescence in the visible 

range, their chemical accessibility, and their stability. Porphyrins have already been used in various sensor 

systems.[5] In our work, we synthesized porphyrins with two different bio-receptors for bacteria linkage. We 

demonstrate that we can connect the porphyrin through this bio-receptor to E. coli cells by FLIM. Changes in the 

fluorescence lifetime of the porphyrin molecules and interactions due to changes in their chemical environment 

can be shown with this analytical method. In a next step these porphyrin molecules were modified with a linker 

group that can be connected on the gold contact to form a porphyrin self-assembled monolayer (SAM). The 

functionalized gold surfaces are analyzed by UV/Vis spectroscopy, Drop-Shape-Analysis (DSA), Infrared 

Reflection-Absorption Spectroscopy (IRRAS) and Cyclic Voltammetry (CV) to characterize SAM formation and 

molecule orientation. Furthermore, these SAM gold substrates are examined regarding their ability to link to 4’,6-

diamidino-2-phenylindole (DAPI)-stained E. coli cells on the surface.[6] The results are a promising step for the 

development of a new porphyrin modified surface for the detection of bacteria cells.  

2. Results and Discussion 

The porphyrins were synthesized starting from a 5,15-diphenyporphyrin (1), shown in scheme 1. All synthesized 

porphyrins were characterized by NMR spectroscopy, ESI-MS and UV/Vis absorption spectroscopy. The 
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porphyrins 2-6 were synthesized according to literature with minor changes to these published procedures.[7-12] In 

a last step the bioreceptors were attached to the maleimide group of the porphyrin by the sulfuric group of the 

bioreceptor. As one bioreceptor a cysteine group was attached to result porphyrin 7 and as the other bioreceptor 

the peptide with the amino acid sequence YVLWKRKRKFCFI-Amide was attached to result porphyrin 8. For the 

peptide it has already been shown, that it can be connected to the outer membrane of E. coli cells due to its high 

compatibility to neutralize lipopolysaccharide.[13,14]   

 

 

Scheme 1: Synthesis pathway with reaction conditions and reagents for the porphyrin synthesis. 

The interactions of the porphyrins 7 and 8 with E. coli cells are analyzed by FLIM. In comparison to fluorescence 

microscopy, that displays the intensity of emission of the molecules, FLIM detects the fluorescence lifetime of the 

molecules. By this highly sensitive method, changes in the molecular environment or molecular conformations can 

be observed. In Figure 1 the results of the porphyrin-stained E. coli cells are presented. For the fluorescence lifetime 

of the porphyrins in the FLIM images (Figure 1) and in solution (DMSO, c = 2·10-5 mol/L) a monoexponential 

decay is determined. 

 

 

Figure 1: FLIM image at an excitation wavelength λEx = 405 nm. (a) E. coli in PBS. (b) E. coli in PBS 

with Porphyrin 7. (c) E. coli in PBS with Porphyrin 8. 

For porphyrin 7 the fluorescence lifetime in DMSO is derived with τ = 12.5 ns in comparison to the porphyrin-

stained E. coli cells with τ = 6.3 ns. Here a decrease of the fluorescence lifetime τ can be observed due to 
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interactions with the bacteria cells. Similarly, for porphyrin 8 a decrease of τ can be observed, as the fluorescence 

lifetime in DMSO is determined with τ = 12.6 ns in comparison to the porphyrin-stained E. coli cells with τ = 

4.2 ns. A likewise observation for the fluorescence lifetime of porphyrins if they interact with bacteria cells already 

has been reported by Russel et al.. These changes are a result of a connection to intercellular components of the 

bacterial cell.[15]  

3. Experimental 

3.1 Analytic Methods 

1H-NMR and 13C-NMR experiments were performed on a AVIII400, AVIIIHD500 and AVII600 from BRUKER. 

Chemical shifts are reported in ppm units with tetramethylsilane as an internal standard. ESI-MS measurements 

were performed on a FINNIGAN 8400-MSS I and MAT 4515. For the FLIM measurements a MicroTime 100 

(MT100) setup from PICOQUANT (Berlin, Germany) was used. As the laser source a LDH-P-C375B 

for an excitation at 375 nm was used. A confocal microscope BX43 from OLYMPUS was equipped with 

a MPlanFLN objective with 100x magnification. The SymPhoTime 64 software was used for FLIM data 

acquisition and an image size of 465 x 465 pixels.  

3.2 Bacteria Culture and Staining 

For bacteria staining E. coli K12 was used. Lysogeny-Broth (LB) medium was used as growth medium. 

A colony from the cryoculture was added to 50 mL of liquid LB medium, then was grown at 37 °C on a 

shaker incubator (150 rpm) overnight followed by a subculture until an OD600 of 0.5 – 0.8 was reached. 

An amount of 20 mL bacterial suspension was harvested, washed three times with sterile phosphate-

buffered saline (PBS, pH 7.2) and resuspended reaching an OD600 of 0.6 – 0.8. For the porphyrin staining 

a 20 mM stock solution of the porphyrin in DMSO has been diluted to 3 µM in PBS. The bacterial cells 

were then treated with this solution and incubated for 10 min at 37 °C in the dark on a shaker incubator 

(150 rpm). Afterwards the cells were washed with PBS by centrifugation and resuspension to remove the 

unbound porphyrin and were finally resuspended in PBS (OD600 of 0.8). The porphyrin-stained E. coli in 

PBS were then placed on a microscope slide and a coverslip was added before FLIM measurements.  

3.3 Synthesis 

All chemicals and solvents were purchased from ACROS ORGANICS (Fair Lawn, NJ, USA), SIGMA ALDRICH 

(St. Louis, MO, USA) and TOKYO CHEMICAL INDUSTRIES (Tokyo, Japan). The peptide was purchased from 

GENSCRIPT BIOTECH (Piscataway Township, NJ, USA). All syntheses were performed under nitrogen 

atmosphere in anhydrous solvents. 

S-(1-(4-(10,20-diphenylporphyrin)phenyl)-2,5-dioxopyrrolidin-3-yl)-L-cysteine (Porphyrin 7) 

Porphyrin 6 (8 mg, 0.013 mmol) and L-cysteine (1.5 mg, 0.013 mmol) were dissolved in DMSO (2 mL) and the 

solution was stirred for 48 h at room temperature. The solvent was then given in Et2O (100 mL), filtered and 

redissolved in CH2Cl2/MeOH (1/1, (v/v)). The solvent was evaporated and the product received as a red solid (6 

mg, 61%). 1H-NMR (500 MHz, DMSO-d6): δ = –3.15 (br s, 2H), 1.25 – 3.50 (m), 7.85 – 7.87 (m, 8H), 8.25 – 8.26 

(m, 6H), 8.86 – 8.91 (m, 4H), 8.97 (d, J = 4.5 Hz, 2H), 9.62 (d, J = 4.5 Hz, 2H) 10.56 (s, 1H) ppm. ESI-MS: Calcd. 

for C45H34N6O4S, 754.24 (100%); found (M+H+), 755.24 (100%).  

S-(1-(4-(10,20-diphenylporphyrin)phenyl)-2,5-dioxopyrrolidin-3-yl)-N-amino-L-isoleucyl-L-phenylalanyl-L-

cysteinyl-L-phenylalanyl-L-lysyl-L-arginyl-L-lysyl-L-arginyl-L-lysil-L-tryptophyl-L-leucyl-L-valyl-L-tyrosine 
(Porphyrin 8) 

Porphyrin 7 (10 mg, 0.016 mmol) and the peptide YVLWKRKRKFCFI-Amide (27 mg, 0.016 mmol) were 

dissolved in DMSO (2 mL) and DIPEA (0.01 mL) in DMSO (0.1 mL) was added. The solution was stirred at room 

temperature for 48 h. The solvent was then given in Et2O (100 mL), filtered and redissolved in CH2Cl2/MeOH (1/1, 

(v/v)). The solvent was evaporated and the product received as a red-brown solid (31 mg, 77%). 1H-

NMR (500 MHz, DMSO-d6): δ = –3.16 (br s, 2H), 0.82 – 4.69 (m), 6.67 – 6.68 (m, 2H), 7.35 – 8.55 (m), 8.85 – 

8.93 (m, 4H), 8.98 (d, J = 4.6 Hz, 2H), 9.42 (br s, 2H), 9.64 (d, J = 4.6 Hz, 2H) 10.59 (s, 1H), 10.80 (br s, 2H) 

ppm. ESI-MS: Calcd. for C130H162N29O16S, 2418.25 (100%); found (M/2+H+), 1210.63608, (M/3+H+), 807.42693, 

(M/4+H+), 605.82254.  

4. Conclusion 
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We successfully synthesized a porphyrin molecule which can be modified with a bioreceptor for bacteria linkage. 

Two possible bioreceptors, a cysteine and a peptide group, are used for the linkage of E. coli K12 cells. Within a 

staining process it was possible to show an interaction between the E. coli cell and the synthesized cysteine-

porphyrin or peptide-porphyrin. An analysis with FLIM could already show a decrease of the fluorescence lifetime 

of the porphyrin molecule due to changes in their chemical environment or conformation as they have an interaction 

with cell components of the bacteria cells. These results show that both bioreceptors in combination with the 

porphyrin molecule can be used as a bio-linker on an electrode surface for further detection methods of bacteria.  
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Abstract 

Zr-B-Si-C-Ti-N and Zr-B-Si-C-Ti coating systems were produced by arc-PVD technique. For their 

deposition, a combined titanium cathode with a ZrB2-SiC insert was used. Deposition was carried out 

in a residual atmosphere of N2 and Ar. Coatings structure and composition were investigated. The Zr-

B-Si-C-Ti coating is characterized by an amorphous-nanocrystalline structure. In this case, 

nanocrystallites were formed from complex (Zr, Ti) C, and the amorphous structure fraction is formed 

mainly by phases based on zirconium and silicon. The second system, deposited in a nitrogen residual 

atmosphere, Zr-B-Si-C-Ti-N, has a predominantly amorphous structure. Such a structure is formed 

mainly from borides, nitrides, carbides and complex compounds of zirconium, silicon and titanium. 

Keywords: amorphous structure, nanocrystalline structure, complex carbide, arc-PVD, phase 

formation, functional coatings, bonds energy 

1. Introduction 

One of the most effective methods for protecting the surfaces of critical parts and assemblies exposed 

to high-temperature effects and loads is the application of various kinds of multifunctional coatings. A 

promising material for them is the ZrB2-SiC composite, on the basis of which coatings are formed by 

plasma spraying to protect against high-temperature oxidation. However, the high porosity of such 

coatings, low cohesive and adhesive strength with the substrate do not make it possible to consider them 

as simultaneously increasing the wear-resistant characteristics of frictional structural elements. This 

work is devoted to studying the possibilities of forming coatings of this system by the arc-PVD method, 

which is widely used to create coatings for this purpose. 

2. Results and Discussion 

This work is devoted to studying the possibilities of forming Zr-B-Si-C-Ti-(N) coatings by the arc-PVD 

method using an combined evaporated cathode including a cylindrical powder composite insert of ZrB2 

(80 vol.% or 88.4 wt.%) - SiC (20 vol.% or 11.6 wt.%) with a diameter of 58 mm and a height of 15 

mm, prepared by the method of spark plasma sintering, which was pressed into a titanium metal base 

with a diameter of 62 mm. The current and voltage of the evaporating arc were 110 A and 20 V, 

respectively. A negative bias potential of 120V was applied to the substrate. The partial pressure of 

nitrogen during the formation of Zr-B-Si-C-Ti-N coatings was 0.8 Pa. The argon pressure during the 

deposition of the Zr-B-Si-C-Ti coatings was maintained at 0.4 Pa. The coatings were deposited on 

substrates made of WC-Co alloy and heat-resistant nickel alloy. The deposition time was 60 minutes. 
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a) b) 

Fig. 1: Images of transverse fractures of Zr-B-Si-C-Ti-N (a) and Zr-B-Si-C-Ti (b) coatings. 

Figure 1 shows the results of fractographic studies of the coatings. For the Zr-B-Si-C-Ti-N coating, the 

failure occurs by a brittle cleavage mechanism with a characteristic feature of the formation of 

intergranular facets in the microrelief. The failure of the Zr-B-Si-C-Ti coating is ductile. It is 

accompanied by the formation of pits of a fibrous-banded fracture in the microrelief. The elemental 

composition of the formed coatings is shown in Table 1. 

Table 1: Elemental composition of the obtained coatings*. 

Residual 

atmosphere 

Element content, at. % 

N C B Si Zr O Ti 

N2 39.0 9.5 12.1 13.9 6.9 3.7 14.9 

Ar - 23.1 31.6 28.6 13.2 2.2 1.3 

* The average composition of the evaporated cathode, taking into account the entire volume of its 

material that has passed into the vapor phase, at.%: C - 5; B - 30; Si - 5; Zr -15; Ti - 45 

The diffraction patterns of the obtained Zr-B-Si-C-Ti-N and Zr-B-Si-C-Ti coatings are shown in Figure 

2. Taking into account the presence of a halo at low diffraction angles, it follows from them that the 

composition of the coatings mainly contains X-ray amorphous phases. An approximate estimate 

indicates the degree of amorphization of the coating structure at the level of 88 % and 75 %, respectively, 

for the first and second coating compositions. 

 
 a) b) 

Fig. 2: Diffractions patterns of of Zr-B-Si-C-Ti-N (a) and Zr-B-Si-C-Ti (b) coating samples 

The study of the structure of the coatings by TEM and the obtained electron diffraction patterns (Figure 

3) confirm the results of X-ray diffraction analysis on the predominantly amorphous structure of the 

coatings of both compositions and the greater degree of amorphization of the Zr-B-Si-C-Ti-N coatings. 

This is evidenced by the diffuse nature of the diffraction lines of electrons of this coating (Figure 3a), 

obtained from different parts of it, and high-resolution TEM images (Figure 3b). Electron diffraction 

patterns of the Zr-B-Si-C-Ti coating obtained from areas characterized by a darker contrast, in 

comparison with diffraction patterns from light areas, have a pronounced character and can be attributed 

to titanium carbide and boride (Figure 3c). In high-resolution images for this coating composition, 

crystallites up to ~ 10 nm in size were found in these regions (Figure 3d). 
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 a) b) 

     
 c) d) 

Fig.3: TEM images and electron diffraction patterns from different areas of the Zr-B-Si-C-Ti-N (a, b) 

and Zr-B-Si-C-Ti (c, d) coatings 

In the images of cross-sections obtained in the bright-field mode, as noted above, areas with different 

contrast are observed (Figure 3, 4). 

 

a) 
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b) 

 

 

Fig. 4: Images of cross-sections of Zr-B-Si-C-Ti-N (a) and Zr-B-Si-C-Ti (b) coatings and 

characteristic EDX patterns from their various sections 

On a sample of amorphous material of uniform thickness, this may indicate a mass contrast: in a region 

with a larger mass, electrons are scattered at large angles, and therefore the intensity (or brightness) of 

these regions in the obtained images is lower. The sizes of the regions of structural inhomogeneity of 

the coatings vary from 1 to 10 nm and from 1 to 50 nm for the Zr-B-Si-C-Ti-N and Zr-B-Si-C-Ti 

coatings, respectively; their periodicity is not observed. EDX analysis (Figure. 4 a, b) showed that Si 

and Zr prevail in the composition of phases in the light areas (area 1), and Ti prevail in the dark areas 

(area 2). Moreover, high-resolution images show that it is the dark regions in the structure of Zr-B-Si-

C-Ti coatings that are characterized by a crystalline structure with a crystallite size of ~ 10 nm located 

in an amorphous matrix (Figure 3d). Taking into account, the obtained electron diffraction patterns, as 

noted above, these phases have fcc structures. 

The XPS study of the Zr-B-Si-C-Ti-N coating indicates that Zr3d spectral line has three peaks. The main 

peak corresponds to 180.0 eV, which corresponds to zirconium carbide. The second peak at 180.6 eV is 

close to the reference value for ZrN (181.0 eV). The third peak with an energy of 183.2 eV is possibly 

associated with the presence of Zr – N and Zr – B bonds. The Si2p spectrum contains a peak with an 

energy of ~ 101.1 eV. This value is in the range of reference values for SiC (100.2 eV) and Si3N4 (101.8 

eV) and, apparently, corresponds to silicon carbonitride. The Ti2p spectrum consists of one doublet 

(Ti2p2/3) - 454.7 eV, which is slightly lower than for titanium nitride (454.9 eV). Perhaps this is 

determined by the formation of Ti-Ti, Ti-C and Ti-B bonds. The B1s spectrum of boron is located at the 

energy value of 188.2 eV, which characterizes the energy of Zr-B bonds. In the Zr-B-Si-C-Ti coating 

for the Ti2p2/3 spectrum, a peak of 454.8 eV is observed, which can be interpreted as titanium with a 

mixed type of Ti-Ti and Ti-C bond. The spectrum of Zr3d contains a peak at 179.7 eV. Its comparison 

with Eb for Zr, ZrB2 and ZrC - 178.9; 178.9; 180.0 eV suggests that it is closer to ZrC with the addition 

of Zr-B or Zr-Zr bonds. The B1s spectrum of boron, as for the first composition of the coating, is located 

at Eb 188.2 eV, which suggests the presence of Zr–B bonds. Two peaks are observed in the Si2p 

spectrum: 99.9 and 101.1 eV. The main peak at 99.9 eV can be attributed to silicon carbide with a small 

fraction of Si – Si bonds. The second peak exceeds the SiC reference value (100.2 eV), so it can be 
attributed to SixOyCz, which is consistent with the presence of oxygen in the coating. 

3. Conclusion 

Coatings were obtained in the Zr-B-Si-C-Ti-N and Zr-B-Si-C-Ti systems by vacuum arc evaporation of 

ZrB2-SiC-Ti combined targets in a residual atmosphere of N2 and Ar. The Zr-B-Si-C-Ti-N coating has 

a predominantly amorphous structure, formed mainly on the basis of nitride, carbide, boride phases and 

complex compounds of Zr, Si, Ti. The Zr-B-Si-C-Ti coating is characterized by an amorphous-

nanocrystalline structure. The amorphous component of this coating is formed mainly by phases based 

on Zr and Si. The nanocrystalline structure is based on titanium carbide. The increased degree of 

amorphization of the structure of the Zr-B-Si-C-Ti-N coatings can be associated with a higher cooling 
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rate of the forming coating due to the higher thermal conductivity of the residual nitrogen atmosphere 

as compared to argon. 
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Abstract 

This article describes the effect of adding waste granite powder to the epoxy resin layer on its pull-off strength. 

The substrate was C30 / 37 concrete. The priming resin was modified with 10%, 20%, 30%, 40%, 50%, and 60% 

of granite powder. For control purposes, a sample was also made without the addition of powder. For each material 

configuration, four strength tests were carried out with the use of an automatic device recording both the pull-off 

strength and the measurement time. The obtained results were compared with the control sample. The best result 
in the test was obtained with the addition of 20%, which gave an increase of 19% compared to the reference sample. 

An equally good result was obtained with the addition of 10% granite powder (increase by 11%). The addition of 

a larger amount of the additive resulted in a decrease or a slight increase in the pull-off strength compared to the 

reference sample. Additionally, the additive has been found to darken the coating, and the coating becomes 

completely opaque when added above 50%. 

Keywords: resin floors, pull-off strength, granite flour, industrial waste 

1. Introduction 

Epoxy resins are a popular method of finishing large warehouse areas, both due to their chemical resistance and 

good strength parameters. On the other hand, granite powder, which is actually waste from the mining industry, 

has little use, or rather it is an attempt at its disposal. It is used as ballast for concrete or paving stones, or even as 

fertilizer. Granite powder does not contain any compounds hazardous to humans or animals, but due to its lightness, 

it can be dispersed, contaminating the vicinity of the heap, because the most popular methods of its storage are 

open landfills. 

All kinds of rock powders are quite a popular way to modify the properties of cement composites. The study [1] 

presents the effect of adding marble powder,, granite powder and mixed powder to SCC self-compacting concrete. 

Granite powder turned out to be better, but both resulted in improved mechanical properties of the product, 

including tensile and flexural strength. Li et al. [2] added granite dust to reduce the amount of added cement and 

at the same time increase the strength of the mortar. They point out that this method allows for the removal of 

waste (granite dust) and the carbon footprint. This technology, as the authors point out, is better than a method of 

replacing cement to utilize waste and reduce cement content. It also improves the strength and microstructure of 

the tested mortar. In turn, the addition of fly ash improves the mechanical parameters [3]. The use of 20% silica 

ash causes beneficial changes in the microstructure and improves the mechanical parameters (including crack 

resistance) of mature concrete. In addition, the use of fly ash or granite powder allows to reduce the cost of cement 

flooring, while improving the mechanical properties [4]. Belebchouche et al. [5] showed that the addition of 
crushed glass in the amount of 15% improves the mechanical strength, obtains a higher degree of hydration, and 

reduces porosity 

There are also many studies describing the influence of various types of resin coating additives. The addition of 

nanosilica and multiwall carbon nanotubes to resin coatings improves the bond between polymer composites [6]. 

Pourhashema et al. [7] proved that the addition of a hybrid SiO2-graphene oxide to the resin improves the anti-

corrosive properties of such a coating, its adhesion, and properties when in contact with water. A simple way to 

improve the adhesion of the epoxy coating, without mechanically treating the substrate, is to add glass powder [8], 

appropriate polymers [9], or monomers [10]. Atta et al. [11] proved that graphene oxide added to the resin provides 

lower water absorption. A simple way to improve the pull-off strength of the coating is to use polypropylene fibers 

for the epoxy primer layer [12]. An appropriate modification of the substrate is an equally effective and popular 

way to improve the final properties of the coating. Chowaniec et al. [13] investigated the effect of adding glass 

powder to the resin. The addition of 40% increased the pull-off strength. Surface texturing allows to increase the 
pull-off strength of coatings [14]. The most advantageous method turned out to be the imprinting of crosses in the 

shape of "+", which required appropriate care and precision in forming shapes, depth, spacing, etc. On the other 
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hand, Sadowski et al. [15] drew attention to the proper use of epoxy coatings, which are often used in warehouse 

facilities. They found that the main cause of the failure was the spinning of the trolley's drive wheels, which in turn 

led to a local temperature rise and thermal shock to which the floor was not resistant. This shows how important it 

is to use this type of coating properly. 

The main aim of the research was the lack of unequivocal research on the direct addition of granite powder to 

epoxy coatings. Therefore, it was decided to test the effect of adding 10%, 20%, 30%, 40%, 50%, and 60% granite 

powder to the epoxy primer layer on the concrete substrate of C30 / 37 concrete. For control purposes, a sample 

was made without the addition of powder, which was later compared with the tested coatings. 

2. Materials, methods, and results 

2.1. Concrete substrate 

The substrate on which the test was performed was C30 / 37 concrete with a slow development of strength, which 
was ordered from a specialized company producing concrete mix. The degree of watertightness is W8, consistency 

class S3, and a maximum grain size of 16mm. The air content was 2.5% ± 1%. Concrete was stored for 28 days at 

20 ° C. 

2.2. Granite powder 

The granite powder used in the epoxy coating was wasted from the extraction of granite aggregate. To control the 

grain thickness, an analysis was carried out on the control sieves. Fraction up to 0.02mm accounted for 5%, 0.02-

0.032mm was the largest percentage - 46.9%. 31% was the fraction 0.032-0.063mm, 7.3% the fraction 0.063-

0.1mm, 8.7% the fraction 0.1-0.14mm, and above 0.14mm - 1.1%. 

2.3. Epoxy Resin 

The epoxy resin Meteor Primer (Si-Tech Sp. Z O.O., Dobra 9, 05-306, Jakubów) was the modified base layer in 

this study. It was characterized by a density of 1–1.2 g / cm3, a viscosity of 400–600 MPa · s, working life (at 20 

° C) 20–30 minutes and full hardening after 24 hours. The resin is the result of the reaction of bisphenol A with 

epichlorohydrin (epoxy resin - average molecular weight ≤ 700). 

2.4. Pull-off strength 

The made substrate was sanded with fine sandpaper. After that, the surface was degreased with acetone. The 

individual research fields were separated with a bituminous roofing sealant. Each area was 20 x 20 cm. Then the 

resin was prepared. The resin consisted of two components: A and B in the ratio 100: 33. In this study, it was 

decided to test the addition of 10%, 20%, 30%, 40%, 50%, and 60% by weight. granite powder. The appropriate 

amount of component A was poured into a tared plastic cup placed on a balance. Granite powder was then added 

while weighing it. After these two elements were mixed, the appropriate amount of component B was added. For 

control purposes, a sample was also made without the addition of powder. The mixture was poured on individual 

research fields, creating a coating with a thickness of about 3 mm. It was vented with a brush with hard bristles. 

After it had hardened, holes with a diameter of 50 mm and a depth of 5 mm were made to test the pull-off strength. 

The steel discs were glued to the coating with the epoxy resin Epidian 5 with the Z1 hardener from Ciech Sarzyna 

(proportion 100: 12). Figure 1a shows the cross-section of the coating and the disc connecting it to the pull-off 

strength tester. 

In 11 out of 28 tests, coating-substrate detachment was found. This was mainly the case with more granite powder. 

This may indicate that the resin, while still in the liquid state, was so dense that it was not able to reach every pore 

on the surface of the substrate. As a result, the proper fusion of these two surfaces did not occur. 

Figure 1b shows a diagram of the dependence of the pull-off strength of the epoxy resin coating on the concrete 

substrate depending on the amount of granite powder added. It shows that the best result in the test was 3.40 MPa, 

with the addition of 20% granite powder. This resulted in an increase in strength compared to the reference sample 

(2.88MPa) by 0.52MPa, i.e., 18%. This shows that the strength can be improved with little effort. The second result 

in the test was obtained with the addition of 10% granite powder. The pull-off strength was 3.20 MPa - strength 

increase by 11% (0.32 MPa). When 30% of the powder was added, the test result was the lowest - 2.49MPa. With 
the addition of 40%, you can also see an increase in strength compared to the reference sample (increase by 

0.06MPa). A greater amount of granite powder resulted in a decrease in strength compared to the reference sample. 
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Figure 1. Test samples: a) Cross-section through the tested coating and the disc connecting it with the strength 

testing device, b) Dependence of the pull-off strength of the epoxy resin coating on the substrate depending on 

the amount of granite powder added. 

3. Cost-economic analysis 

In view of the ever-increasing prices, savings are increasingly being sought in all industries, especially in 

construction, therefore a cost-economic analysis was carried out to verify the main costs associated with the 

coating. The focus was only on the direct purchase cost of epoxy resin and granite powder. The price of resin was 

assumed as 200 € / 12.5 kg, and for granite powder 8,90 €/1000 kg. The summary of costs for individual samples 

subjected to the endurance test is presented below in Table 1. 

Table 1. A summary of the costs of making the tested coating depending on the amount of granite 

powder added 

Addition 

[%] 

Resin 

content 

[%] 

Granite 

powder 

content 

[%] 

Epoxy 

resin cost 

[€/m2] 

Granite 

powder 

cost 

[€/m2] 

Total cost 

[€/m2] 

Pull-off 

strength 

[MPa] 

0 100 0 6,7 0,00 6,70 2,88 

10 90 10 6 0,01 6,01 3,20 

20 80 20 5,3 0,01 5,31 3,40 

30 70 30 4,6 0,02 4,62 2,49 

40 60 40 4 0,02 4,02 2,94 

50 50 50 3,3 0,03 3,33 2,61 

60 40 60 2,7 0,03 2,73 2,66 

The table clearly shows that the price per square meter decreases with the increasing amount of granite powder. In 

the most favorable case, due to the pull-off strength of the coating (20% of the powder), it gives a final cost saving 

of 1.39€ / m2, which means a cost reduction of 20%. This simple calculation clearly shows that it is easy to reduce 

the cost of making the coating and increase its pull-off strength. 

4. Conclusion 

Waste rock powders are the subject of various types of articles. However, the topic of connecting granite powder 
with epoxy resin is not anymore. This article examines the mechanical properties and performs an economic 

analysis of the modified coatings. The main aim of this study was to obtain the highest possible pull-off strength 
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of the coating and to reduce costs as much as possible. Therefore, the test was carried out on a concrete substrate, 

where the influence of the addition of 10%, 20%, 30%, 40%, 50%, and 60% of granite powder to the epoxy resin 

primer was analyzed. The obtained results were compared with the reference sample (without the addition of 

powder). The main conclusions of the study are: 

- It has been found that the optimal content of granite powder is 10-20 wt.%. This value increases the strength of 

the coating, which increases the strength of the coating by up to 18% compared to the reference sample. A larger 

amount of powder caused a reduction or a very slight increase in strength, 

- Economic analysis has shown that adding even a small amount of granite powder to the coating results in a 

significant reduction in coating costs. If 20% of the powder is added, it reduces the costs by 20%. 
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Abstract 

In order to increase the efficiency of gas turbine engines, which are used for propulsion and electricity generation, 

the turbine inlet temperature (TIT) has to be as high as possible. Using Thermal Barrier Coatings (TBC) allows the 

metallic internal components to operate at elevated temperature near to its melting temperature. Thermally growing 

oxide induces cracks formation in the top coat that may lead to complete failure TBC due to spallation. This 

research aims at investigating the development of the stresses and critical cites that have possibility of crack 

nucleation due to thermal mismatch during operating cycle of a typical plasma sprayed TBC. A true finite element 

model was developed based on a scanning electron microscope image taking the advantage of a commercial finite 

element package (ABAQUS) and image processing techniques. The model including the effect of creep on all 

layers and plastic deformation of BC, TGO and substrate. The results show that unlike common unit cell models 

in literature, a better understanding can be achieved by having a model based in an SEM image that represents the 

real geometry. 

Keywords: Micromechanics, Thermal barrier coatings, Residual stresses, Finite element modelling (FEM). 

1. Introduction 

Thermal barrier coating (TBC) is an arrangement of advanced materials that are usually applied to metallic surfaces 

that operates at very high temperatures, such as a gas turbine or aero-engine. The main function of TBC is to 

produce a temperature difference through the TBC layers so that the life of the component can be enhanced by 

reducing oxidation and thermal fatigue. These coatings isolate the blade/vine surfaces from the flow of hot and 

corrosive gases by using of materials that have a very low thermal conductivity, which can result in a considerable 

temperature drop between the coating surface and the load-bearing material. In combination with active film 

cooling, TBCs can permit operating temperatures as high as the melting temperature of the base metal without 

causing any structural or corrosive damage, thereby resulting in a higher thermal efficiency of a thermodynamic 

system [1]. 

TBC systems have been studied extensively to understand different failure mechanisms that can lead to spallation 

or delamination of TC. Many numerical and experimental studies have been carried out to investigate the factors 

that may lead to failure of TBC such as creep, oxidation, phase transformation, etc. In experimental studies, it very 

difficult to track the crack propagation in real time, and numerical studies mostly deal only with 2D models that 

cannot track the crack propagation. Most 2D models consider the interface between TC and TGO/BC to be 
sinusoidal and neglect the porosities. However, with advances in image processing, scanning electron microscope 

(SEM) images can be converted into CAD models and then used in any finite element package. Chen Lin et al. [2] 

used a threshold values to assign image pixels to specific materials depending on their grey scale generated by 

SEM, and then converted these pixels into mechanical mesh considering pixels position coordinates as nodes 

coordinates that will be used to reconstruct finite element mesh. M.O.A program developed by M. Rangbar et al. 

[3] was used to represent the porosities within lamellar ceramic layer. The interface between the layers can be 

defined in terms of Fourier series and then use this equation to shift the meshing to fit the two lines defined by 

Fourier series. This method can work only for defining the interface line between the two phases but not for 

defining the internal porosities and cracks [4]. Object oriented finite element (OOF2) - a tool that has been 

developed by National Institute of Standards and Technology (NIST) in United States - is also able to generate 

mesh for the 2D images from SEM [5]. 

Previous techniques either use external codes to generate virtual topology and then use any FE package to generate 
mesh, or use image processing techniques to get an image that has different color for each layer, then use the 

developed code to generate FE mesh based on color. In this work, a new method is proposed to convert SEM 
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images of a TBC system into a very detailed CAD model that includes the interface as well as the pores, and can 

be imported into any FE software. 

2. Modelling Procedure  

2.1. Image Processing 

Scanning Electron Microscope (SEM) was used in composition mode with backscatter electrons to have an image 

with different color tones associated with each material as shown in Fig 1-a. The image was captured at 

magnification of 500x with LYRA3 TESCAN. Image resolution was set to highest available option, 1024x1144 

pixels, to get an image with good details that will be used in the following steps. Accelerating current was set to 

30KV in order to achieve deepest points and get actual shape of pores. SEM image was imported into image 

processing software to increase the color contrast between the TC and BC layers, different filters were used. The 

type of filter has a significant effect on the quality of image as in Fig 1-b. To obtain the actual interface between 

the BC the TC, segmentation process was carried out based on the color difference obtained in the previous step. 

A perfect contact between the two layers was assumed and pores at the interface were neglected. After segmenting 
the image into two different partitions with different colors, the width of the selected geometry was set to 140 µm. 

Fig 2-a shows the segmented image. 

 

To obtain a solid surface that can be imported into any FE software, image tracing technique was used to convert 

a pixel-based image into a vector image consists of a set of splines as shown in Fig 2-b. After obtaining the solid 

surface as in Fig 2-c, the model is meshed as in Fig 2-d with 8-noded quadrilateral elements. Quadratic shape 

functions allow higher order displacement interpolation, and hence provide more accurate distribution of 

stress/strain fields with minimum size of 0.5 µm in order to capture the detailed interface between TC and BC. A 

TGO with thickness of 5 µm was introduced by shifting the interface between the TC and BC.  

2.2. Simulation Conditions and Material Properties  

A 140 µm wide TBC system is considered for this study, with temperature dependent material. Thermal loads and 

boundary conditions were defined to simulate a common thermal cycle of a TBC. 
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Fig 1 a) SEM image of TBC sample b) after applying filters 



 

Page 3/4 

Fig 2-e shows the mechanical boundary conditions of the TBC FE model. The left edge is defined with roller 

support. All the nodes on the right edge are coupled horizontally. The node on the bottom left was completely 

fixed. To simulate thermal working conditions, three fully coupled thermos-mechanical steps were defined to 

present heating to 1200°C in 300 seconds, holding for two hours, and cooling to 25°C in 300 seconds of the TBC 

system considering non-homogeneous thermal loading. Generalized plane strain condition is widely used in 

simulation of thermal barrier coatings to allow deformation domain in the third direction (perpendicular to the 

page) to be finite in contrast to ordinary plane strain condition [5]. 

A TBC system usually consists of three layers. A TC, which is Yttria stabilized zirconia (YSZ) that is used to 

produce temperature difference to protect the substrate. A BC that is a metallic alloy (MCrAlY) used as a transition 

layer between the TC and the substrate to mediate the contact between the two layers, and to prevent oxidation of 

the substrate through formation of TGO. The third layer is the TGO layer that is formed at the surface of the BC 

due to the oxidation process. The substrate is Ni-based super alloy. BC, TGO and substrate are considered as 

elastic-perfectly-plastic materials with Von-Mises plasticity law used to describe plastic behavior. The TC is 

considered as an elastic material. Norton creep model used to describe the behaviour of all layers as giving by Eq 

(1) 

                                                                                     �̅̇�
𝑐𝑟
= 𝐴𝜎𝑛                                                                                

(1)                                                                         

where �̅̇�
𝑐𝑟

 is critical strain rate, A is Norton creep model pre-factor, 𝜎 is equivalent Von-Mises stress and finally n 

is Norton creep law exponent. Temperature dependent material properties are listed in Table 1 based on previous 

studies [3, 7, 8]. 

 
                                                      Table 1 temperature dependent material properties for all layers 

3. Results and discussion 

In case of as-sprayed conditions, stresses were found to be compressive at valleys and slopes while the peaks have 

tensile stresses that exceeds the strength of the TC (10-100 MPa). Since yielding is considered the threshold of 

crack formation [3], this leads to formation of micro-cracks at the peaks. This stress state changes after the growth 

of the TGO to be tensile at the valleys and slopes and compressive at the peaks, which exceeds the yield strength 

as in Fig 5. This conforms that cracks initiates at the peaks and when the stresses inverted, cracks continue towards 

 

 

 

 

 

 

 

a)                                b)                                   c)                               d)                                   e) 

  

Fig 2 a) Image after segmentation, b) Interface definition, c) Generated Solid Surface, d) Generated 

mesh, e) mechanical boundary conditions 

 Substrate BC TGO TC 

     

Temperature range (T), °C 25-1100 25-1100 25-1100 25-1100 

Young Modulus (E), GPa 184 200-110 400-320 48-22 

Poisson’s Ratio (ν) 0.3 0.3-0.33 0.23-0.25 0.1-0.12 

Thermal Conductivity (K), W/m.k 26 4.3 25 26 

Yield Strength (σ𝑦) MPa 1185-740 426-114 10000-1000  

Specific Heat (C), J/Kg.K 450 501 857 483 

Thermal expansion (αx 10−6) 𝐶−1 12.6-16.3 13.6-17.6 8-9.6 9-12.2 
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the valleys till complete failure occurs, which validates the stress inversion theory and results in growth of 

horizontal cracks between the valleys [7, 9, 10]. 

The regions in circle in Fig 5 has the highest compressive and tensile stresses in both cases with and without TGO, 

which also has the highest amplitude in the proposed interface. This leads to confirm that with increasing of the 

amplitude, the developed residual stresses also increase. The stresses in BC in both cases do not exceed 270 MPa 

- strength of BC- hence no micro-cracks are supposed to appear in BC due to thermal cycling or formation of the 

TGO. 
 

4. Conclusion 

A new technique was developed to generate a solid geometry that represents the actual interface between the TC 

and BC from a typical SEM image, which can open the door for considering the effect of porosity in TBC systems 

or use this method for simulation of failure in many fields as composites for example. Also, generation of solid 

geometry that is usable in any commercial FE package make it is possible to obtain quadrilateral element mesh 

that allows using of XFEM code included in ABAQUS. Finally, FEM simulation resulted in excellent agreement 

of stress inversion theory. The developed model was used to have a clear description of the changes in the stress 

state during heating-dwelling-cooling stages, and hence, develop a better understanding of crack initiation. 
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Abstract 

Nanoscale graphene oxide-lipid composites have shown wide applications in the field of biosensing and 

nanosafety. Macroscopic free-standing membranes of this combination potentially offer excellent mechanical 

properties which can be attributed to the inherent strength of graphene oxide(GO). Previous experimental 

studies have mostly dealt with monolayer or bilayer interactions of lipids with graphene and graphene oxide 

surfaces. In our study, we report for the first time, a simple and scalable fabrication method where Small 

Unilamellar Vesicles (SUVs) of 1,2-dioleoyl-sn-glycero-3-phosphocholine(DOPC) combine with graphene 

oxide to produce stable nanocomposites via self-assembly. Scanning Electron Microscopy (SEM) images of 

the composite revealed layer-by-layer structures, reconfirmed by X-Ray Diffraction(XRD) results which 

show a proportional increase in the interlayer separation with an increasing ratio of lipid in graphene oxide. 

The nanocomposite thus fabricated mimics naturally occurring nacre shell structures where graphene oxide 

substitutes the strong aragonite layers, and the intermediate lipid layers provide the necessary elasticity 

pertaining to protein chitin in nacre. The addition of lipids to graphene-based nanocomposites also serves as a 

biodegradable alternative to using polymers as a popular reinforcement agent. The ease of fabrication method 

reported facilitates the production of stable GO-Lipid membranes in variable scales and geometries.  

Keywords: self-assembly, graphene oxide, bionanocomposite, lipids, nacre shell, biomimetics, free-standing 

membrane 

1. Introduction 

Nacre shell structures are known for their exceptional mechanical properties and their associated 

applications[1]. Aragonite, a form of CaCO3, and beta chitin, a form of protein are found to arrange in alternate 

layers in natural nacre. This brick and mortar arrangement contributes to the combined strength and toughness 

in the nacre that surpasses individual constituent properties. In the past, there have been various attempts to 

mimic these structural features to fabricate mechanically strong composites. Graphene, the strongest material 

on earth were used in place of the hexagonal aragonite sheets in many studies. A majority of the past 

fabricated composites, however, used polymers as the intermediate component for convenience, resulting in 

the composites being non-biodegradable[2]. 

We are trying to put together an easy fabrication method to synthesize similar biodegradable composites 

which are scalable and can extend to macroscopic free-standing membranes. Lipids with their amphiphilic 

properties and self-assembly is a promising candidate for the fabrication of layered structures with an 

appropriate component. This necessitates water as the solvent component to facilitate the amphiphilic 

properties of lipid. However, graphene is water-insoluble and does not find water as a very suitable dispersing 
medium in the absence of additional surfactants. Besides, graphene also exhibits a lack of long-term stability 

and the tendency to self aggregate, both characteristics not suitable for a stable result. Graphene oxide-lipid 

interaction had been explored in the past, however, most of the studies were limited to monolayer or bilayer 

interaction[3] and in computation[4][5]. Few papers extended the study to composite synthesis but used 

sophisticated techniques like layer by layer deposition[6], Langmuir Blodgett, or quartz crystal microbalance 

with dissipation monitoring(QCM-D)[7] for the fabrication. Considering the vast application this combination 

possesses in the field of biosensing[8][9], nanosafety applications, an easy and scalable fabrication method for 

the composite is of significant value. 

2. Materials and Methods 

2.1. Graphene Oxide Synthesis 

Graphene oxide was synthesized following Hummer's method[10][11]. 2.5 grams of Graphite powder (<20 

microns, Sigma Aldrich Brand) was mixed with 1.25 grams NaNO3. The mixture was transferred to a beaker 
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containing 57.5 ml of H2SO4 and stirred at 500 rpm with a magnetic stirrer for 10-15 minutes. The heat 

generated in the process was pacified by transferring the beaker to an ice bath. 7.5 grams of KMnO4 was 

added in small quantities. During this process, the temperature of the mixture is monitored with the help of a 

thermostat and the temperature was prevented from rising over 30oC with the help of an ice bath. A dark 

green solution as obtained was stirred at 1000 rpm vigorously for 3 hours, maintaining the temperature at 35o 

C. The color of the solution when changed from green to brown, the mixture was further diluted with 115 ml 

of deionized water that was added dropwise in an ice bath to maintain the temperature below 30o C. The 

resultant mixture was poured into 350 ml of deionized water, followed by the immediate addition of 6ml of 

30% H2O2 to eliminate any unreacted KMnO4. A yellow tinge is developed in the solution. The mixture was 

stirred for 2 more hours to mix well and was left to sediment overnight. The next day, the liquid was 

separated from the sediment and decanted via centrifugation. The sediment, in this case, graphite oxide was 

further redispersed in 4% HCl solution to be centrifuged at 7600 rpm for 3 mins and decanted. 600 ml of 4% 

HCl solution was prepared in total to repeat the process three times(200 ml used in each step distributed into 4 

of the 50 ml centrifuge tubes). Two additional stages of purification were undertaken using distilled water in 

the place of 4% HCl solution. The more times centrifugation is conducted with HCl and DI water, the more 

the purity of the end product will be. The final sediment was collected together and redispersed in 250 ml 

distilled water and left to sediment out overnight. The solution was then exfoliated in a probe sonicator at 

120W (130 Watts true power, amplitude 93%) for 1hr at 10 sec-15 sec, on-off pulses. The sonicated solution 

was centrifuged for 6 min at 7600rpm to extract the supernatant, graphene oxide. To confirm the presence of 

graphene oxide a part of the solution was diluted 500 times and observed with UV spectroscopy.  The 

characteristic peak of graphene oxide is 230nm[12] and the diluted solution gave a peak at 232nm indicating 

the presence of graphene oxide. The formation of graphene oxide was later confirmed by the XRD peak at 

9.8o, implying an interplanar distance of 0.9 nm. This is close to the characteristic peak generally observed 

~10-11o[13]. 

One set of GO was synthesized and the concentrated version was used throughout the experimentation. The 

concentration of graphene oxide in the prepared volume was calculated by averaging out the residue weight 

of multiple evaporated samples of known volumes. The concentration of the GO was obtained to be 12.6 

mg/ml. 

 

Fig 1: (a) XRD peak of graphene oxide, (b) UV-Vis peak of graphene oxide 

2.2. SUV Synthesis 

Small Unilamellar Vesicles (SUVs) of 1,2-dioleoyl-sn-glycero-3-phosphocholine(DOPC, powder-1G, Sigma 

Aldrich brand) were synthesized in the preparation of the nanocomposite. DOPC was dissolved in chloroform 

in 10 mg/ml concentration and the chloroform was evaporated to dryness at room temperature, spread on a 

petri dish. The sample was kept in a vacuum for a further six hours to remove solvent traces if any. The 

residue was redispersed in distilled water, maintaining the concentration at 10 mg/ml. After ensuring proper 

dispersion, the sample was incubated for 24 hours at 37oC. Further, the obtained lipid suspension was 
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sonicated using a probe-type sonicator till the solution turned clear (~5-10 mins, 30% intensity). After 

sonication, the solution was filtered through a 0.2μm syringe filter (Axiva brand) to form SUVs. 

2.3. Sample/ Film Preparation 

GO-DOPC nanocomposite films were prepared by drop-casting the sample followed by incubation 

evaporation. Liquid samples of various GO: DOPC proportions were synthesized by vortex stirring the 

appropriate amount of GO suspension and SUVs. Simple glass substrate was used for initial drop-casting. The 

appropriate cut square glass substrates were previously probe sonicated in a soap solution, K2Cr2O7, acetone, 

and DI water for 5 mins each with intermediate DI water rinsing. The substrates were chosen according to the 

sample sizes suiting various instruments of characterization. While atmospheric drying and vacuum filtration 

of the liquid samples consumed long hours but gave homogenous sheets, rapid drying in a vacuum oven was 

accompanied by multiple bubble formations resulting in uneven samples with hollow pockets. The optimum 

conditions were achieved on drying the samples in an incubator at 37oC. This offered the sample sufficient 

time to dry uniformly and at the same time never consumed more than a few hours depending on the sample 

size. This method offered flexibility in terms of the size and shape of sample preparation as we shifted to 

using 3D printed molds accurately fitting various testing samples. The base of the molds used for incubation 

was generally covered with parafilm for ease of peeling the final films formed. 10 ml of sample 

approximately yielded a 0.1mm thick circular film of 2 cm radius. These films exhibited a homogeneous 

morphology under the inspection of a Scanning Electron Microscope. 

 

Fig 2: (a) Drop cast samples, (b)Dried and Peeled off, (c)Vacuum Filtered sample,(d) Mould drying in the 

incubator 

3. Results and Observations 

The free-standing membranes synthesized of graphene oxide-lipid composite were inspected for their 

morphology using a scanning electron microscope (SEM: JSM7600F (Jeol) model, resolution: 1.0 nm(15 

kV), 1.5 nm(1 kV), magnification: 25x to 1,000,000x). The layered structure as observed was analyzed 

further to understand the impact of the addition of DOPC SUVs to GO using X-Ray Diffraction(Multipurpose 

XRD: Rigaku SmartLab model with a Rotating Anode X-ray Source of 9KW Output Power) results. The 

XRD peaks obtained were then used to calculate the average number of layers formed of the composite 

contributing to the results. These membranes were further tested for their chemical stability and thermal 

stability (Thermogravimetric Analyzer, Perkin Elmer TGA 4000). Finally, the mechanical properties of the 

composites were inspected using a Dynamic Mechanical Analyser (Perkin Elmer: DMA 8000 with Rotating 

Analysis Head, 120-160 VAC, 50-60 Hz) to obtain their storage and loss modulus. Tensile tests (Shimadzu, 

Japan AG-IS Universal Testing Machine, Range 0-50 kN, Accuracy 0.1 N) were additionally performed to 

obtain their tensile modulus and toughness. 

3.1. Scanning Electron Microscopy 

SEM images of GO from the top show that GO exhibits a layer-by-layer stacked structure (Fig.3).  Further, 

the synthesized GO-DOPC composite was inspected under SEM to obtain a similar layered structure (Fig.3) 

to that of  Graphene oxide. Hence, DOPC does not seem to alter the layers of GO in the composite, which 

eventually resembles the brick and mortar arrangement in the nacre shell structure as desired. However, 

further clarity on graphene oxide-lipid arrangement and design could only be provided after further study on 

the interlayer separation of different GO-DOPC combinations. This is achieved through XRD measurements. 
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Fig 3: Layered Structure of GO at 15o tilt(top), GO-DOPC composite at 25o tilt(bottom left) and top view(bottom right) 

3.2. X-Ray Diffraction 

The GO: DOPC liquid samples were prepared in 8:2, 7:3, 5:5, and 2:8 proportions and separately drop cast 

and dried in 10mm x 10mm substrate sizes. Grazing Incidence X-ray Diffraction (GIXRD) analysis was 

performed on these samples at an incident angle of 1o and a 2θ range of 5o-40o. The results plotted (Fig.4) are 

after subtraction of background data from the glass substrate. While the GO peak was around 9.8o, 

introducing 20%, 30%, 50%, and 80% of lipid into GO respectively gave peaks at 9.1o, 8.58o, 8.74o, and 

8.32o. The result exhibited a clear shift in the peaks that duly represent an increase in the lamellar spacing 

with increasing lipid proportion. This proves the intercalation of lipid molecules between the graphene oxide 

sheets. It was clearly observed that as the concentration of lipids rises in the mixture, the graphene oxide 

undergoes a respective expansion between the sheets but still maintains the layers of its structure as observed 

from SEM results. 

 

 

Fig 4: (a)XRD peaks of GO and GO: DOPC composite in various proportions,  

(b) Calculated interlayer separation plotted against DOPC % in the composite 
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XRD peak profiles were further analyzed to obtain information about the number of layers stacked in these 

structures[14]. The prominent peak obtained from the GO: DOPC composites were cropped and fit to obtain 

the full width at half maxima(FWHM) Using  FWHM (𝜆) and a shape factor, k of 0.89 which corresponds to 

spherical crystals with cubic unit cells, the average crystallite width (D) and in-plane crystallite size (L) were 

calculated according to Scherrer’s formula. 

 

Fig 5: Gaussian Fitted XRD graphs of (a)GO and GO: DOPC composite in (b)7:3 and (c)5:5 proportions 

While Bragg’s equation was used earlier to calculate the interplanar distance(d) from θ corresponding to the 

resultant peaks, a combination of Bragg’s equation and Scherrer’s formula was further used to calculate the 

number of layers (n).  

𝐷 =  
𝑘𝜆

𝛽 𝑐𝑜𝑠𝜃
 (1) 

𝐿 =  
𝑘𝜆

𝛽 𝑐𝑜𝑠𝜃
 (2) 

𝑛 =  
𝐷

𝑑
+ 1 =  

2𝑘 𝑡𝑎𝑛𝜃

𝛽 
+ 1 (3) 

 

Table 1: Number of Layers calculated for the samples using Scherrer’s and Bragg’s equations 

Sample 2θ Interplanar 

Distance (d) 
FWHM(𝜆) 

 

Crystallite 

width(D) 
In-plane Crystallite 

Size (L) 

Number of 

layers(n) 

GO 9.5o 9.3 Ao 2.077o → 

0.03625 rad 
37.9547 Ao 78.468 Ao 5.08 ~ 5 

GO: DOPC 

(5:5) 

8.71o 

 
10.14 Ao 1.063837o→ 

0.018567 rad 
73.84666 Ao 153.11 Ao 8.319 ~ 8 

GO: DOPC 

(7:3) 

8.57o 10.31 Ao 1.3683o→ 

0.02388 rad 
57.57862 Ao 119.039 Ao 6.68 ~ 7 

The results showed the number of layers stacked contributing to the structure as obtained in the XRD results 

to be approximately 5 in graphene oxide and 7-8 in the composite.  

3.3. Chemical and Thermal Stability  

The fabricated membranes were tested for their stability in solvents capable of individual dissolution of the 

constituents. Small-square pieces of GO and GO: DOPC sheets were immersed in both water and chloroform 

to check their eventual solubility in these solvents. The composite exhibited good stability in both the solvents 

as they stayed insoluble in both chloroform and water for a period of 60 days.  

Further, thermogravimetric analysis was performed to observe the thermal stability of the composite with 

respect to graphene oxide. Analysis was performed in the air medium with a flow rate of 20 ml/min. The 
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samples were taken to 900oC starting from room temperature. GO underwent the first decomposition around 

~200oC, the same being straight reflected in the composite. This could be attributed to the carboxylic 

decomposition of the various groups attached to graphene oxide[15]. The second decomposition of GO at 

650oC was however delayed by lipids causing the composite to eventually decompose at 900oC. The 

composite hence shows satisfactory thermal stability, as compared to the GO constituent and in fact, shows an 

improvement in thermal stability is observed with the addition of lipids. 

 

 
Fig 6: TGA graphs plotted to compare GO and GO: DOPC decomposition 

3.4. Dynamic Mechanical Analysis 

Tensile test analysis was carried out using Dynamic Mechanical Analyser in constant strain mode on the 

composite membranes. The loss modulus and storage modulus values of the composite stood up to be 

comparable to graphene oxide and their past reported values. The sample quality had a huge role to play in 

the test results as a more homogenous and uniform sample gave better results and was considered to be more 

close to the exact results. This leaves a potential for further improvement in the event of a better sample 

preparation method. 

Table 2: Number of Layers calculated for the samples using Scherrer’s and Bragg’s equations 

Sample Storage 

Modulus   

@1 Hz 

Storage 

Modulus  

@5.5 Hz 

Storage 

Modulus 

Mean 

Loss 

Modulus  

@1 Hz 

 

Loss 

Modulus 

@5.5 Hz 

Loss Modulus 

Mean 

GO 2.16868 x 109 2.5912 x 109 2.424 x 109 3.0665 x 108 

 

3.2144 x 108 3.1525 x 108 

GO: DOPC 

 

3.1525 x 108 

 

2.1445 x 109 

 

1.999 x 109 2.7715 x 108 3.1532 x 108 2.985 x 108 
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Fig 7: DMA measurements being carried out on a GO: DOPC sample 

3.5. Tensile Test 

Tensile testing was performed on 15cm x 1cm samples in a Universal Testing Machine to further evaluate 

Young’s modulus, toughness, fracture stress, and strain. ASTM 3039 was followed to analyze GO: DOPC 

composites synthesized in two different proportions, 5:5 and 7:3. A comparison is drawn to understand the 

effect of lipid proportion on the mechanical properties. 

Fig 8: Stress-Strain graphs of  GO: DOPC in (a)5:5 and (b)8:2 proportions 
 

Table 3: Mechanical Properties of GO: DOPC composite from UTM Results 

Sample Young’s Modulus Toughness Fracture Stress Fracture Strain 

GO: DOPC (5:5)  232 MPa 2.3 MPa ~27 MPa  0.14 

GO: DOPC (8:2)  363 MPa 1.8 MPa ~35 MPa  0.115 

An increase in strength and ductility in the composite from GO may mean that the lipid molecules are 

modulating the interaction between the GO sheets and this interaction is greater between the individual GO 

sheets. However, observed is a mild increase in toughness at the cost of modulus values in the composite as 

the lipid proportion increases. However, the tensile modulus values and other results obtained are far lower in 

magnitude than graphene oxide data. 

4. Conclusion 

We present an easy, scalable synthesis method established through the self-assembly of lipids to generate an 
alternating layer-by-layer graphene oxide-lipid composite. The composite from the liquid phase is ultimately 

taken into the form of macroscopic free-standing membranes that opens the possibility of doing mechanical 

testing on them like any tangible sheet. Having successfully intercalated lipids between the graphene oxide 

sheets, this serves as a biodegradable alternative to previously synthesized graphene and polymer based 

composites. However, the whole study accounts to only provide a preliminary synthesis method of a graphene 

oxide-lipid composite. The layered structure, thermal and chemical stability of the sheets are listed in the 

present study. The lamellar separation analysis and stacked quantity of layers reassure the quality of the 

composite. The mechanical side of properties is also looked upon in a basic check but not dwelled into the 

details. However, further research could be extended to improvements in the sample preparation and to 

exploring other properties left unexplored. In the future, the study can also be extended to other charged lipids 

and graphene itself in the place of graphene oxide. 
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Abstract 

This paper presents experimental work on the chloride penetration resistance of concrete, incorporating 

0%, 2% and 3% Graphene Oxide (GO) by weight of cement. Nine 100mm diameter and 200mm high 

concrete cylinders were cast in the Materials Laboratory at the University of Plymouth. The cylinders 

were cut into 50mm thick disks and rapid chloride migration tests were carried out. After the tests, the 

penetration depth of the disks were measured and chloride migration coefficients were determined. It 

was found that compared with the control samples, the addition of 2% and 3% GO reduced the migration 

coefficient of concrete by about 11% and 17% respectively at 28 days after casting. This suggests that 

the inclusion of GO into a cementitious mix does have a noticeable effect on the increase of chloride 

resistance and hence the longevity of concrete.  

Keywords: Graphene Oxide; Rapid Chloride Migration Test; Chloride Penetration; Chloride Migration 

Coefficient; Permeability; Concrete 

1. Introduction 

Concrete used in marine environments faces severe challenges. Traditional concrete is very brittle, 

which can lead to micro-cracks and void gaps. Cracks can cause serious damage to concrete structures, 

in particular, those exposed to coastal environments since sea salt can induce chloride ingress and allow 

penetration into the concrete. This chloride infiltration corrodes the steel reinforcements in the concrete. 

The corrosion can cause a detrimental damage to the strength, aesthetics and serviceability of structures. 

Hence, developing chloride resistant, durable concrete is required. 

Ever since its discovery in 2004 [1],  graphene has provided a new way to solve the issues that concrete 

faces in harsh environments due to graphene’s exceptional mechanical, thermal, optical and electrical 

properties, and electrical conductivity. It is an ideal nano-filler that can modify the cementitious 

material, although it is hard to synthesize and very expensive at present. It can be synthesized to 

Graphene Oxide (GO): layered graphite interspersed with oxygen molecules around its plane and edges 

called functional groups and then exfoliated into single-layer and few-layer GO sheets. Addition of a 

small amount of graphene into a concrete mix can significantly improve the strength of concrete [2-7]. 

The majority of research with GO in cementitious materials deals with strength and stiffness. There is 

little research in the field of durability. In particular, how GO affects cementitious materials to resist 

harmful agents such as chlorides in water. Dimov et al. [2] carried out a sorptivity permeability test on 

GO concrete where specimens were left in a shallow container of water for and the height of water 

penetration after 7 days was measured across the surface. They found that there was a 400% reduction 

in penetration of the graphene concrete for a concentration of 0.8g/L graphene, compared with the 

standard concrete. However, the water level measured on the surface on the samples could have been 

different to the absorption inside the samples. This could be due to the porous nature of concrete as well 

as due to curing partially in the air.  

Hence, a more established test is required to investigate the chloride penetration resistance of 

cementitious materials. This paper aims to investigate the effect that the addition of GO has on the 

chloride penetration resistance of concrete by conducting well-established rapid chloride migration tests 

[8-9]. 
 

2. Experimental Work 
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Rapid Chloride Migration tests were carried out in the Materials Laboratory at the University of 

Plymouth. Nine 100mm diameter and 200mm height concrete cylinders were prepared and cast with 

0%, 2% or 3% Graphene Oxide (GO) by weight of cement.   

Water and single layer of GO (an average of 1.3 m equivalent diameter) were split into equal amounts 

in small narrow containers, as shown in Figure 1 (a). They were suitably sized for the ultrasonic prop in 

Figure 1 (b) to be effective. Each water-GO mixture was ultra-sonicated for 1 minute at 16 Hz, stopped 

for 15 seconds and then ultra-sonicated for a further minute. All water-GO mixtures were emptied into 

a large bowl or a concrete mixer and mixed for one minute before polycarboxylate ether superplasticiser 

was added and further mixed for one minute to help the dispersion of the GO flakes. 

The cylinders were cast using 1 part of CEM1 Portland Cement, 1.44 parts of sand, 1.76 parts of coarse 

aggregates with the maximum size of 10 mm, a water-cement ratio of 0.6 and 1 % superplasticiser by 

weight of cement. The cylinders were cast and stored at room temperature for 3 days before being 

removed from their moulds and placed in a water bath at 24°C where they remained for a further 24 

days.  

A day before testing, the cylinders were removed from the water bath and immediately weighed in air 

and in a water bath to obtain the density. The cylinders were cut into 50mm deep disks using a water-

cooled diamond-edged saw blade. The two middle, B and T (B for bottom and T for Top. See Figure 2 

(a) for locations) disks were tested at 28 and 29 days after casting. 

Rapid Chloride Migration (RCM) tests were carried out using Nordtest Method NT BUILD 492 [8] to 

measure the penetration depths along the disks and then calculate their chloride migration coefficients. 

Three disks were placed at one time in a vacuum chamber, as shown in Figure 2 (b) with a pressure of 

0.95 bars for 3 hours. The disks were then submerged in a calcium hydroxide solution under the same 

vacuum condition, as shown in Figure 2 (c) and left for 1 hour. The vacuum chamber was then released, 

and samples were left submerged for 18 further hours. After the preconditioning, the disks were placed 

in the RCM test set up, as shown in Figure 2 (d) and had an initial voltage of 30 V applied to read the 

current.  

At the end of each RCM test, each of the disks were spilt from top to bottom through the centre, using 

a hammer and chisel and sprayed with a silver nitrate solution under a ventilation hood to measure the 

chloride penetration depths. Figure 2 (e) shows an example of the measurement. 
     

(a) (b) (c) (d) (e) 

Fig. 1: Dispersion of GO in water and casting. (a) GO in water; (b) Ultra-sonicating GO; (c) 

Adding cement into GO and water mixture; (d) Concrete mixing; (e) Casting cylinders  
     

(a) (b) (c) (d) (e) 

Fig. 2: Rapid Chloride Migration tests: (a) Locations of disks; (b) Layout of concrete disks in 

vacuum chamber; (c) CaOH2 solutions submerging the disks; (d) Disks placed in reservoir ready for 

testing; (e) Measuring the penetration depth of a concrete disk 
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3. Results and Discussion 

Figure 3 shows the penetration depths along the concrete disks. As the amount of GO increased, the 

penetration depth decreased. The reduction is as much as 13% and 11% when 2% and 3% of GO was 

added respectively. The latter had a lower reduction than the former because Disks T1 and T2 had 

unusually large readings at D7 and D3 respectively, as shown in Figure 3 (c). 

The Non-Steady-State Migration Coefficient, Dnssm (x10-12m2/s) for each disk was calculated using the 

equation below [8]:  

 

𝐷𝑛𝑠𝑠𝑚 =
0.0239(273+𝑇)𝐿

(𝑈−2)𝑡
(𝑋𝑑 − 0.0238√

(273+𝑇)𝐿∗𝑋𝑑

𝑈−2
)       (1) 

Where 𝑈 is the absolute value of the applied voltage (V); 𝑇 is the average value of the initial and final 

temperature in the anolyte solution (°C); 𝐿 is the thickness of specimen (mm); X𝑑 is the average value 

of the penetration depths (mm); 𝑡 is test duration (hours). 

The migration coefficients of the concrete disks are presented in Figure 4 (a). The effect of the inclusion 

of GO on the disks is shown in Figure 4 (b). The higher amount of GO, the smaller migration coefficient. 

Hence, compared with the control samples, the migration coefficients were reduced as much as about 

10.64% and 16.61% when 2% and 3% GO was included respectively, as shown in Figure 4 (b).   

The densities of the concrete cylinders were calculated using the Archimedes principle. As expected, 

the addition of GO increased the densities of the cylinders. The increases are as much as 0.46% and 

0.83% when 2% and 3% GO were incorporated respectively, compared with their control samples.  

 

   

(a) 0% GO  (b) 2% GO (c) 3% GO 

Fig. 3: Penetration depths (T and B were tested at 28 and 29 days) 
 

  

(a) Migration coefficient of concrete (T and B were 

tested at 28 and 29 days) 

(b) Reduction of the migration coefficient of concrete 

Fig. 4: Comparison of Migration Coefficient 
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4. Conclusions 

Rapid chloride migration and water absorption tests were carried out using nine 100mm diameter and 

200mm high cylinders to determine the effect of 2% and 3% GO by weight of cement on the 

permeability of concrete. As the amount of GO increased, the penetration depth of chloride ions in the 

concrete samples decreased. Hence, the higher amount of GO, the smaller migration coefficient. 

Compared with the control samples, the addition of 2% and 3% GO reduced the migration coefficient 

of the concrete by about 11% and 17% respectively at 28 days after casting. This suggests that the 

inclusion of GO into a cementitious mix does have a noticeable effect on the increase of chloride 

resistance and hence the longevity of concrete.  
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