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Abstract 

Glass-ceramic coatings are inorganic systems obtained by controlled crystallization 

by heat treatment of parent glasses coated on steel substrates. This type of coating 

possesses superior engineering properties among other coating systems, such as 

strong adhesion between enamel and steel substrate (adherence index>95%), 

resistance to high temperature (up to 1000 ), chemical corrosion (3-4 mg.dm-2 6% 

citric acid), while maintaining aesthetical properties. The brittle fracture behavior of 

glass-ceramic coatings reduces their impact and abrasion resistance, which has a 

detrimental influence on the stability and longevity of the entire system. Carbon 

fibers possess excellent properties such as low weight (1.76 g/cm3), high specific 

strength (2900-3000 MPa) and modulus (200-220 GPa), and low linear expansion 

coefficient (-1.20x10-6/̄C) except for weak resistance of oxidation behavior as a 

reinforcement in composite materials. In this study, three different alkaline 

borosilicate systems were investigated. In each formulation, two different samples 

containing 0.06%, and 1% wt. carbon fiber was incorporated into the matrix as a mill 

additive. The samples were coated on the steel substrates by the wet coating 

technique and fired at 860ÁC for 6 min. The coatings were characterized for 

morphological, phase, thermal properties by means of SEM-EDS, XRD, and heating 

microscope, respectively. In this study, when the carbon fiber ratio is 1% wt., the 

hardness of GC1, GC2 and GC3 samples increases to 763.8, 889 and 865.2 VH, 

respectively. On the other hand, morphological features of the coatings are 

negatively affected. 

¥zet  

Cam-seram k kaplamalar, ­el k y¿zeyler ¿zer ne kaplanmēĸ ana camlarēn ēsēl ĸlem 

uygulanarak kontroll¿ kr stal zasyonuyla elde ed len norgan k s stemlerd r. Bu t¿r 

kaplamalar, d ĵer kaplama ­eĸ tler  arasēnda ¿st¿n m¿hend sl k ºzell kler ne 

sah pt r; ­el k tabaka le g¿­l¿ yapēĸma ºzell ĵ  gºster rler (aderans ndeks >%95), 

y¿ksek sēcaklēĵa (1000ÁC'ye kadar) ve k myasal korozyona karĸē (3-4 mg.dm-2 6% 

s tr k as t) f z ksel ºzell kler n  de koruyarak d ren­ gºster rler. Cam-seram k 

kaplamalarēn gevrek kērēlma davranēĸē, darbeye ve aĸēnmaya gºsterd kler  d renc  

azaltēr ve bu durum ¿r¿n g¿ven rl l ĵ  ve kullanēm ºmr¿ ¿zer nde olumsuz b r etk ye 

sah pt r. Karbon f berler kompoz t malzemelerde takv ye olarak kullanēldēĵēnda, 

zayēf oks dasyon d ren­ler  har ­ ¿st¿n ºzell kler serg lerler. Bu ºzell kler d¿ĸ¿k 

aĵērlēk (1.76 g/cm3), y¿ksek ºzg¿l mukavemet (2900-3000 MPa), mod¿l (200-220 

GPa) ve d¿ĸ¿k doĵrusal genleĸme katsayēsē (-1.20x10-6/̄C) olarak sēralanab l r. Bu 

­alēĸmada ¿­ farklē alkal  boros l kat s stem  ncelenm ĸt r. Her b r s steme, aĵērlēk­a 

%0.06 ve %1.00 karbon f ber, deĵ rmen katkēsē olarak lave ed lm ĸt r. Numuneler 

yaĸ kaplama tekn ĵ  le ­el k plakalara kaplanmēĸtēr ve 860ÁC sēcaklēĵēnda 6 dak ka 

boyunca ēsēl ĸlem uygulanmēĸtēr. Kaplamalarēn morfoloj k, faz, termal ºzell kler  

sērasēyla SEM-EDS, XRD ve ēsē m kroskobu aracēlēĵēyla bel rlenm ĸt r. Bu 

­alēĸmada, karbon f ber oranē aĵērlēk­a %1.00 olduĵunda, GC1, GC2 ve GC3 

numuneler n n sertl k deĵerler  sērasēyla 763.8, 889 and 865.2 VH deĵerler ne 

y¿ksel r. Ancak, kaplamalarēn morfolojk ºzell kler  kºt¿ etk lenm ĸt r. 
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1. INTRODUCTION 

Glass-ceramics (GCs) are obtained by controlled heat treatment process 

of parent glass system with appropriate composition generally between 

the glass-transition temperature (Tg) and the melting point (Tm) and 

form various types of crystals in its structure1. The glass matrix 

undergoes controlled crystallization to the lower energy, resulting in 

developing randomly oriented submicrometric final grain sizes 

generally without voids, microcracks, or porosity with nucleating 

agents2. Glass-ceramics (GCs) with functional properties can be 

produced in consequence of a composition of the characteristics of 

glasses with the advantages of crystalline phases. Some of those are 

high-temperature and abrasion resistance, high strength,  machinability, 

biocompatibility3, 4. 

Glass-ceramic coatings (GCCs) can be applied on ferrous substrates by 

wet/dry methods. After the GCCs are applied to the substrate, heat 

treatment is applied; drying and crystallization5. Chemical plants, 

hydrogen power, water heaters employ this type of coating where great 

durability and chemical corrosion protection are required6,7. Glass-

ceramic coatings (GCCs) offer the ferrous components a wide range of 

color options, and the resultant productôs aesthetic features are kept 

even in hard environments8.  

Abrasion is the most common deformation mechanism in the coated 

surfaces caused by brittle fracture attitude glass-ceramic coatings 

(GCCs) of glassy nature9,10. As a result of degrading the coated 

surfaceôs glassy layer, porosity forms at the interface, lowering the 

interfaceôs stability, chemical resistance, and aesthetic attributes under 

extreme conditions. Several studies have been published in the 

literature to enhance the abrasion resistance and mechanical properties 

of inorganic coating systems. These studies include changes to the 

systemôs composition9, as well as the addition of mill additives11  and 

particles.12ï14 According to the studies, the engineering properties of the 

coatings depend on some variables such as firing conditions, the 

mismatch stress between the additive and parent system, quantity, and 

the size of additives.  

Carbon fiber reinforced glass matrix composites indicate a wide variety 

of features including for structural application high strength, high 

stiffness, excellent toughness, low density, and unique tribological 

behavior.15ï26 However, the main disadvantage of this type of 

composite is the limited oxidation resistance capability in an oxidizing 

atmosphere at high temperatures. During the crack propagation, 

debonding of fibers and pull-out is actualized when a crack reaches the 

carbon fibers, hence strain energy release rate is increasing for 

toughness mechanism.27,28 In this situation, composite failure strain is 

equal to that of the fibers with significant fiber pull out, which means 

improved composite toughness. Composite ultimate failure strain is 

greater than that of the matrix alone29. In addition, for optimum 

performance in carbon fiber reinforced glass composites, fiber/matrix 

interfacial adhesion should be kept in intermediate value.30  

In this study, the effects of reinforcement of carbon fiber on the 

morphological, thermal, and mechanical properties of glass-ceramic 

coatings (GCCs) were investigated.  

 

The studyôs objective is to improve the hardness of the glass-

ceramic coatings (GCCs). In this approach, the increased hardness 

and toughness of glass-ceramic coatings (GCCs) assist to enhance 

the systemôs durability. 

 

2. MATERIALS & METHODS  

2.1. Materials  

The substrates used in the study for the glass-ceramic coating were steel 

sheets that are EN 10209 Grade DC06EK cold rolled types with the 

dimensions of 10 cm x 10 cm x 0.15 cm. The steel substrates were 

subjected to surface cleaning before the coating process by degreasing.   

The alkali borosilicate frit systems (available for controlled 

crystallization for GCC) were provided by Akcoat Advanced Chemical 

Coating Materials (Sakarya, Turkey). The frits were crushed, and the 

ball-milled down to a 60-mesh sieve (250 ɛm) by adding mill additives 

(clay, boric acid, and sodium nitrite). The recipes used in the study are 

given in Table 1.  The features of the carbon fiber are shown in Table 

2, and the carbon fiber was provided by DowAksa Advanced 

Composites (Yalova, Turkey). 

 

Table 1 Chemical compositions of the studied samples. 

 

2.2. Experimental Design  

In this study, three different alkali borosilicate system was used. These 

were coded as GC1, GC2, GC3. For each system, carbon-fiber free, 

containing %0.06 and %1.00 wt. carbon fiber content samples were 

prepared. The milled carbon fiber was incorporated into the 

compositions as a mill additive. The samples codes of the GCC-CFs 

used in the study are shown in Table 3. 

The GC slip was prepared by mixing the frit powder with 40% (70-80 

mL) of water of total powder volume. After this process, the slip was 

applied on the surfaces of the pretreated steel substrates by the dipping 

for GC1 and GC2 and spraying technique for GC3. These techniques 

were chosen according to the characteristics of the compositions. The 

coated samples were dried in an oven for 5 min. at 110ÁC to evaporate 

the water and, then fired at 860ÁC for 6 min. for crystallization.  

 

Table 2 Properties of carbon fiber used in the study. 

 

Constituents in the 

compositions 

GC1 

(%wt.) 

GC2 

(%wt.) 

GC3 

(%wt.) 

R2O (R: Na, K, Li) 21.25 13.00 16.00 

RO (R: Ca, Mg, Ni, Co, Cu, Mn) 4.25 5.00 8.50 

R2O3 (R: Fe, Al, B) 13.25 9.25 11.25 

RO2 (R: Si, Ti, Zr) 58.50 71.25 63.25 

R (R: F) 2.75 1.50 1.00 

Diameter 

(Õm) 

Length 

(Õm) 

Density 

(g/cm3) 

Tensile Strength 

(MPa) 

1 ï10 1 ï50 1.76 2900 ï3000 
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Table 3 Sample codes and carbon fiber content in the samples. 

 

 

 

 

 

 

 

2.3 Characterization Studies  

XRD analysis with CuKŬ radiation, scanning range (2ɗ) of 15Áï70Á 

(Rigaku Miniflex 600) performed on pelleted powders. The 

microstructure of GCCs was observed by Jeol JSM-6060LV scanning 

electron microscopy/SEM equipped with EDS. For scanning electron 

microscopy (SEM) analysis, an acceleration voltage of 15 kV was used 

at working distances of 9.5- and 10-mm. Color values and the color of 

the samples were evaluated with Konica Minolta CM-700d 

Spectrophotometer in terms of L*, a*, b*, and æE. Color measurements 

were determined for four different points. The color values are the mean 

of four measurements. The total difference or distance in the CIELAB 

diagram can be expressed as a single value known as æE*.31 

æE* = [(æL2) + (æa2) + (æb2)]1/2                                           (1) 

                                                                                        

Gloss was evaluated with a TQC Sheen Polygloss gloss meter device 

at 60Á in four different points. The results are the mean of four 

measurements. The coated specimens were tested by the falling steel 

ball impact test by BS EN 10209 standard for determination adherence 

feature of the com.  A hemispherical punch with a diameter of 1.5 kg 

and a diameter of 22 mm was dropped on the sample surface at a height 

of 300 mm. The degree of adherence was interpreted with impact signs 

according to ratings ranging from 5 (poor adherence) to 1 (excellent 

adherence). 

Heating microscope observes the sintering behaviors of the glass-

ceramic coatings, a heating microscope (ODHT-HSM 1600/50, Misura 

3.32) was used. The sintering and melting temperatures of the coatings 

were determined by heating the powdered samples to 900 ÁC at a rate 

of 10 ÁC/min. 

Microhardness was measured with the Vickers hardness test method 

(Struers Duramin A300). In the Vickers method, the pyramid stinging 

tip with 136Á of apex angle between the counter-surfaces of the pyramid 

having a square base is stung onto the sample for 10 seconds under 

force (F). 100 grams of the load was applied to the samples during the 

procedures. After removing the load, two diagonal lengths of the trace 

(d1 and d2) on the material are measured using a microscope, and the 

arithmetic mean (d) is calculated. This procedure has repeated a 

minimum of 10 times for each load and the mean value is calculated. 

Because only the hardness of the GCs was examined in this study, 

hardness was measured in the cross-section of the coating to avoid any 

contribution from the substrate hardness. In the Vickers test method, 

hardness was measured at 5 different points, and 5 results were 

averaged. 

3. RESULTS AND DISCUSSION  

3.1. Phase Analysis  

Fig. 1 presents the XRD patterns of the GC1, GC2, and GC3 

composition with different carbon fiber content heat-treated at their 

crystallization regime. For GC1, GC2, and GC3 formulations, SiO2 and 

SiC, SiO2 and ZrSiO4, SiO2 phase are obtained, respectively. The 

addition of carbon fiber to the compositions was not effective in 

crystallization formation. Since carbon fiber was used at very low 

percentages, the carbon fiber may not have been observed due to the 

crystallinity of other phases. SiC crystal phase was obtained due to steel 

substrate use during the crystallization process. The steel substrate 

becomes 70% austenitic, hence dissolved carbon in the austenite phase 

can diffuse more rapidly from the steel to the glass/metal interface32. 

This diffusion may lead to SiC crystal phase formation in GC1. In the 

GC3 composition, only SiO2 crystal formation was obtained because 

GC3 was formed in the high silica content area in the ternary diagram 

of the sodium borosilicate system.  

 

3.2. Microstructural Analysis  

Porosity and bubble structure in the glass-ceramic coating has an 

important influence on the quality of the glass-ceramic coating. 

Porosity and bubbles are mainly created due to the outgassing during 

the heat treatment29. At the beginning of the heat-treatment process, the 

coating surface is fused, and gaseous products are trapped in the glass-

ceramic coating. With the continued firing causes to the expanse of the 

gas, then bubble structures are formed. At the final stage of heat 

treatment, some bubbles rise to the surface of the coating and cause 

flaws in the surface because of the low viscosity of the glass-ceramic 

coating33. In addition, water vapor is formed after the decomposition of 

clay. Before the firing treatment, the melting frit is cooled, the vitreous 

layer is formed, and water vapor is trapped as a fine bubble.  

The pore dispersion and size are related to the firing temperature, the 

viscosity of the slip, and additives9. Due to the high viscosity of the 

melting coating, the bubbles cannot grow at the firing temperature, 

hence the bubble size becomes small. In the GC, few bubbles form 

under insufficient heat-treatment settings, while very large bubbles or 

no bubbles form under overfired circumstances29. Underfired GCs have 

poor adhesion to the substrate, making the coating susceptible to 

cracking. On the other hand, brittle behavior is caused by the formation 

of large bubbles in the GCs. As a result, the best condition for GCs is a 

properly fired coating with optimal size and homogeneous bubble 

structure33.  

In Fig. 2 SEM images belonging to GC1, GC2, and, GC3 samples are 

shown, and the bubble formation due to outgassing is recognizable. The 

thickness of the samples is 250Ñ50 Õm. EDS images of Si, O, Na, Al, 

Zr in the carbon-free samples are shown in Fig. 2. Si, O, Na, Al, Zr are 

the main elements of the GCCs. The color differences in the cross-

section of GCCs can be seen due to undissolved silicate crystals from 

mill additives or formed crystals in the controlled crystallization 

process. In Fig. 3 SEM images belonging to GC1-6CF, GC2-6CF, and 

GC3-6CF are shown, and the bubbles can be seen in cross-section 

images due to outgassing.  

Sample Code Addition of CF (wt.) 

GC1 Reference sample No. 1 

GC1-6 %0.06 Carbon Fiber 

GC1-10 %1.00 Carbon Fiber 

GC2 Reference sample No. 2 

GC2-6 %0.06 Carbon Fiber 

GC2-10 %1.00 Carbon Fiber 

GC3 Reference sample No. 3 

GC3-6CF %0.06 Carbon Fiber 

GC3-10CF %1.00 Carbon Fiber 
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(A) 

 

(B) 

 

(C) 

Figure 1. XRD patterns of the studied samples with different carbon 

fiber ratios. A) GC1 samples B) GC2 samples C) GC3 samples. 

 

 

The thicknesses of the coating contained 0.06% wt. carbon fiber is in 

the range of 250ï350 ɛm. The inclusion of carbon fiber has no 

discernible effect on the size and distribution of bubble structure. 

However, when carbon fiber is used in GCs, these bubbles are filled 

with carbon fiber as an agglomeration, or carbon fiber creates its cavity 

because of oxidation. Therefore, due to agglomeration, the size of 

carbon fiber increases from an average of 10 ɛm to 50 ɛm, as shown in 

Fig. 3.  The use of carbon in glass-ceramic coatings increases the 

hardness of components in both circumstances. Glass-ceramic coatings 

are reasonably hard, but their mechanical resistance is restricted due to 

the brittle nature of the glass matrix, which allows for the formation and 

propagation of cracks. 

The toughness of ceramics is characterized by the indentation fracture toughness 

(KIC), which is an indication of the ease cracks propagate in the material32. Vickers 

hardness test can be used to determine a parameter relating to the materialôs fracture 

toughness and hardness33,34. The fracture toughness mechanism of ceramic 

materials can be determined by the relationship between the applied force on the 

Vickers hardness test and the average crack length on the fracture process35. In this 

study, filling the formed bubbles with carbon fiber leads to an increment in 

hardness values because this stress was diffuse in this formation of carbon fiber in 

the bubbles when the Vickers hardness test was applied as an external force. It is 

shown in Figure 4 and applies to all formulations with various carbon 

fiber percentages. When the carbon fiber ratio is 1% wt., the hardness 

of GC1 samples increases from 737.40 to 763.80 VH. In GC2 samples, 

the hardness is increased from 816.60 to 889.0 VH when the carbon 

fiber ratio is 1% wt. In GC3 samples, the hardness is increased from 

831.60 to 865.20 VH when the carbon fiber ratio is 1% wt. The standard 

deviation values are given in Fig. 4. The values are 71.7, 14.08, and 

27.03 for GC1, GC1-6, GC1-10, respectively. For GC2, GC2-6, and 

GC2-10, the standard deviation values are 34.50,73.60, and 34.80. The 

values are 11.70, 13.74, and 69.80 for GC3 GC3-6, GC3-10, 

respectively.  

SEM images of the studied samples' surfaces are shown in Fig. 5. Three 

different commercial glass-ceramic compositions are employed as a 

reference sample in this investigation, and the compositions indicate 

their characteristic features. Undissolved SiO2 crystals are marked in 

Fig. 5a, g belongs to GC1 and GC3 glass-ceramic compositions, also 

be confirmed by XRD results. SEM images cross-sections of ZrSiO4 

crystals embedded in the glass matrices in GC2 samples are shown in 

Fig. 2b. With the increasing carbon fiber content in compositions, the 

flaws and disorders are increasing on the surfaces regardless of the type 

of glass-ceramic coating. Carbon fiber is resistant to oxidation until 

500ÁC, after this temperature heat-treatment was continued and the 

reaction of oxygen causes CO2 outgassing, resulting in flaws on the 

surfaces.   
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Figure 2. SEM/EDS cross-sections images of the studied samples. A) GC1 B) GC2 C) GC3. 

C)  EDS images of Al, Si, O and Na in the GC3. 

A)  EDS images of Al, Si, O and Na in the GC1. 

B) EDS images of Al, Si, O and Zr in the GC2. 
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Figure 3. SEM cross-sections images of the studied samples. A) GC1-

6CF B) GC2-6CF C) GC3-6CF..  
 

 

 

 

 

A) 

 

 

B) 

 

 

 

C) 

 

Figure 4. Vickers hardness test result of studied samples. A) GC1 samples with 

6CF and 10CF C) GC2 samples with 6CF and 10CF C) GC3 samples with 6CF 

and 10CF. 
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Figure 5. SEM images of the studied samples surfaces. A) GC1 B) GC1-6CF C) GC1-10CF D) GC2 E) GC2-6CF F) GC2-10CF 

G) GC3 H) GC3-6CF. 
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3.3. Gloss and color parameters 

This increment of flaws and disorders on the surface affects the gloss 

and color parameters, as shown in Fig.7. In the study, the color 

differences between the reference samples and samples containing 

carbon fiber are determined by equation 1 and æL, æa, æb values from 

Table 4.  In CIE color notation, æL* values indicate the difference in 

lightness and darkness; a positive deviation from æL* means a lighter 

color. æa* values indicate difference on a red or green axis; a positive 

deviation from æa* means a redder color while a negative deviation 

from æa* means a greener color. æb* values represent difference on the 

yellow or blue axis whereas a positive deviation from æb* means a 

yellower color, and negative deviation from æb* means a bluer color31.  

For each formulation, Fig. 7a shows a color comparison of carbon fiber- 

containing samples and reference samples. According to these results, 

the addition of carbon to the compositions affects the color values for 

each carbon fiber content in the samples. For GC1 and GC3 

formulations with different carbon fiber content shows similar color 

changes in comparison of reference samples and %1.00 and 

%0.06wt.CF. On the other hand, the æE values of GC2-6CF and GC2-

10CF differ significantly as the GC2-10CF samples are much brighter 

(Table 4). 

 

Table 4 Color values of stud ed samples. 

 

 

 

 

 

 

 

 

 

 

Gloss values of the studied samples are shown in Table 5 and the 

variation of gloss values with carbon fiber addition is shown in Fig. 7b. 

The carbon fiber impairs the gloss values of the samples as associated 

with the visual appearances of the surface of the coatings in Fig. 5. 

Being the gloss, a characteristic depends on the surfaceôs light 

reflection, as well as on the surface roughness. Although the roughness 

feature is not evaluated in this study, the presence of carbon fiber 

caused a decrease in gloss values due to the flaws created by the 

outgassing caused by oxidation of the fiber. 

 

Table 5 Gloss values of stud ed samples. 
 

 

 

 

 

 

 

 

 

 

 

 

 

3.4. Thermal Behavior 

Fig. 8 shows a result of the heating microscope belonging to GCs with 

different carbon fiber content. The addition of carbon fiber has an 

insignificant effect on the thermal behavior of the samples. However, 

carbon fiber changes the characteristic temperature values obtained by 

the heating microscope analysis of glass-ceramic coatings. For 

example, the melting temperatures of GC1-10 (850ÁC) and GC2-10 

(860ÁC) are greater than the samples containing other CF ratios, 

according to heating microscope results, while GC3-10 (812ÁC) is 

equal to GC3. The softening temperatures of GC1-10 (730ÁC), GC2-10 

(748ÁC), and GC3-10 (704ÁC) are higher than their composition 

groups. Sphere temperatures of GC1-6 (788ÁC) are higher than GC1-

10 (768ÁC) and GC1 (786ÁC) (Fig.8A). For sphere temperatures of 

GC2-6 (796ÁC) is higher than GC2-10 (782ÁC) and GC2 (764ÁC) 

(Fig.8B). In GC3 composition, adding to the carbon fiber (1%wt.) 

enhances thermal behavior, as shown in Fig.8C. The temperatures 

defined by the microscope are the temperature at which the sample 

reaches a dimensional change from the first image acquired. Therefore, 

in the heating microscopy results, the increase in the dimensional 

changes of the components containing 1% CF is greater because they 

have more oxidic components.  

Figure 6 SEM images of the GC3-10CF sample surface are shown. The 

presence of carbon fiber can be seen on the surface of the GC3-10 with 

an EDS image. In the glass crystallization mechanism, increasing T 

causes a decrease in viscosity37. Therefore, carbon fiber can penetrate 

the glass matrix and rise to the surface in GC3 samples as the samples 

are heat-treated after their melting temperatures. The melting point of 

the GC3-10CF is 812ÁC according to heating microscope results 

(Fig.8). In this study, the crystallization temperature was chosen at 

860ÁC for the samples. After the melting point of the samples, heat 

treatment was continued, and early crystallization was achieved in GC3 

samples. This early crystallization effect can be observed on the 

surfaces of the samples in Figures 5g, h, and Fig. 6. GC3 samples show 

low thermal resistance according to heating microscope results in Fig.8.  

Glass-ceramics are bonded to a metal substrate by thermal fusion at 

temperatures above 800ÁC. At these temperature ranges, chemical 

redox reactions occur between the oxide layer of the steel and the metal 

oxides in the glass-ceramic compositions and thus bonding is achieved. 

Considering these reactions and the thermal behavior of standard 

samples, the crystallization temperature of 860ÁC was chosen for each 

type of GC used in the study.  

 

3.5 Adherence 

During heat-treatment several chemical processes are actualized such 

as diffusion of alkali ions F-, Co2+, and Fe2+, formation of Fe- oxidation 

on the steel surface, formation of FexCoy dendrites (anchor points), a 

saturation of FeO/Fe3O4 at the GC, and steel interface, O2- penetration, 

etc. These dendrites, showing the chemical adhesion between the 

coating and the metal substrates, are indicated in cross-sections in the 

SEM images of the samples in Fig. 2 and 3. These chemical reactions 

provide a strong adherence between the substrate and the coating. This 

chemical bond is one of the most important parameters of the coating 

system. In Fig. 9, results of the GCCs with different carbon fiber ratios 

Compared Samples æL* æa* æb* 

GC1 &6CF -0.575 0.28 -0.5825 

GC1 &10CF -0.565 -0.6 1.5975 

GC2 &6CF -0.025 -0.5 -0.7175 

GC2 &10CF 7.76 -0.7 1.1225 

GC3 &6CF 6.82 -0.1 -1.2325 

GC3 &10CF 8.2525 -1.3 3.4925 

 GLOSS (60Ü) 

GC1 39.15 

GC1-6CF 33.00 

GC1-10CF 28.175 

GC2 32.93 

GC2-6CF 31.10 

GC2-10CF 12.90 

GC3-CF 70.55 

GC3-6CF 44.92 

GC3-10CF 41.65 
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after the impact test process is shown.  This test presents adherence 

between the substrate and the coating. This chemical bond is one of the 

most important parameters of the coating system. In Fig. 9, results of 

the GCCs with different carbon fiber ratios after the impact test process 

is shown.  This test presents adherence between the substrate and the 

coating.  

According to these results, the quantities of carbon fibers do not 

significantly change the results of the impact test. In the impact test, the 

result is evaluated according to the 5 different categories: 5) poor 

adherence, 4) fair adherence, 3) good adherence, 2) very good 

adherence, and 1) excellent adherence (BS EN 10209). These 

categories are determined by the amount of glass-ceramic coating 

particles remaining on the metal substrate after the impact test process. 

For example, the appearance of only the shiny metal substrate indicates 

that no adhesion was obtained. Figures 9a, d, and h are the reference 

samples for each formulation, these samples show very good adhesion, 

which means that the glass-ceramic coating particles adhere to at least 

70% to 80% of the area of impact. Carbon fiber has no significant effect 

on adherence for 1 wt. %CF and 0.06CF ratios, according to these 

results, because adherence features are similar for each formulation 

with varying carbon fiber ratios. In the study, all samples can be 

categorized to class 2 adherence according to BS EN 10209 standard, 

and further evidenced by dendrite formations, as shown in Fig. 3 and 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.  SEM images of the studied GC3-10CF surface. 
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Figure 7. Gloss and color parameters of the studied samples. A) color changes of the studied samples B) gloss changes of the studied 

samples. 
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A) 

 

B) 

 

C) 

Figure 8 Heating microscope analysis of the studied samples with different carbon 

fiber ratios. A) GC1 samples B) GC2 samples C) GC3 samples. 

 

Figure 9. Results in impact test in A) GC1 B) GC1-6CF C) GC1-10CF D) GC2 

E) GC2-6CF F) GC2-10CF G) GC3 H) GC3-6CF J) GC3-10CF. 

 

 4. CONCLUSIONS  

In conclusion, the impact of carbon fiber used on the structural 

properties of glass-ceramic coatings was addressed in this work. Two 

different numbers of fibers were considered. When the carbon fiber 

ratio is 1% wt., the hardness of GC1 samples increases from 737.4 to 

763.8 VH In GC2 samples, the hardness is increased from 816.6 to 889 

VH when the carbon fiber ratio is 1% wt. In GC3 samples, the hardness 

is increased from 831.6 to 865.2 VH when the carbon fiber ratio is 1% 

wt. Carbon fiber is effective in increasing the disorder of the surface of 

glass-ceramic coatings, resulting in a loss of aesthetic characteristics 

for each formulation. The thermal and phase formation behavior of 

glass-ceramic coatings is unaffected by the fibers. However, carbon 

fiber changes the characteristic temperatures obtained by heating 

microscope analysis, also the addition of 1%CF to GC3 causes to 

enhance thermal properties of the sample.  The quantity of carbon fiber 

investigated in this study does not affect the adherence properties of the 

samples. This study aimed to enhance the hardness values of the 

coatings; hence the best hardness increase was obtained in GC2. In 

addition, less color changes were obtained in GC2-6.  

 

According to the findings: 

Å Carbon fiber in the glass-ceramic coating increases hardness, 

and as the fiber content increases, the hardness increases as well.  

Å Carbon fiber can be incorporated into glass-ceramic coatings. 

Å However, this incorporation needs further research, and future 

research should also concentrate on tailoring carbon fiber to 

prevent oxidation. 

  


